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Abstract
Recent work on modern day aggradational continental sedimentary basins re-
vealed sedimentation is dominated by distributive fluvial systems (DFS). The Salt
Wash Member of the Late Jurassic Morrison Formation, SW USA, has been previ-
ously described as a fan shaped fluvial system. This study aims to quantitatively
and qualitatively characterise and analyse deposits of the Salt Wash fluvial system.
A detailed sedimentological study across the fluvial system reveals clear downstream
changes in facies distribution and sandstone body architecture. A downstream de-
crease in laterally amalgamated channel-fill deposits is observed as floodplain deposits
increase. Isolated channel-fill deposits appear to be evenly distributed across the
system while shallow ephemeral lake deposits are predominately observed on the pe-
riphery of the fluvial system. Sandstone body architecture also changes downstream
from large amalgamated sheet complexes that extend laterally up to 20Km at the
most proximal localities to isolated ribbon channel bodies that extend 300m laterally
at the most distal localities. These trends suggest the Salt Wash fluvial system was a
DFS. A large scale progradation of the system is evident from an analysis of vertical
trends in the system deposits as distal deposits are commonly overlain by deposits
that are indicative of a more proximal DFS environment. the progradation of the sys-
tem has also been quantitatively analysed. Changes in the accommodation/sediment
supply regime are interpreted to be the main drivers behind the system scale progra-
dation. A statistical technique that allows the position of the apex to be estimated
has been tested and applied allowing further paleogeographical constraints on the
system to be obtained. This study provides a quantitative description of an ancient
DFS, that will help to build three-dimensional models of fluvial systems and their
reservoir characteristics in the subsurface.
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Introduction
1.1 The distributive fluvial system concept
Current fluvial facies models have largely been derived from tributary river systems
(Bridge, 2006; Miall, 1996). These studies provide important insights into processes
occurring within fluvial channel and floodplain environments. However, as com-
mented by Weissmann et al. (2010) and Weissmann et al. (2011), tributary systems
are commonly found within degradational settings, and thus have a limited preser-
vation potential. Tributary rivers act as a conduit for sediment transport, often
depositing the sediment either at a coastline or within interior lake environments
(Davidson et al., 2013). Sediment can be stored within the valley system in which
the rivers are confined, however, the aerial extent and proportion of sediment infill
would be limited. A key issue with tributary river forms is it is hard to envisage how
they can fill sedimentary basins due to their confined nature.
A remote sensing study was conducted by Weissmann et al. (2010) on over 700
modern day continental sedimentary basins to study the characteristics of sedimen-
tary basin fills. This study revealed sedimentation patterns within aggrading conti-
nental basins are dominated by Distributive Fluvial Systems (DFS). DFS were found
to be present within all tectonic and climatic settings (Hartley et al., 2010). Weiss-
mann et al. (2013b) quantified the aerial distribution of geomorphic elements present
from three of the sedimentary basins studied, and as can be seen in Table 1.1, DFS
substantially dominate the basin, with tributary and other elements only comprising
a small percentage of the basin area. As DFS are the dominant form in aggrading
settings, it is postulated that they form a substantial part of the continental geologic
record.
Sambrook-Smith et al. (2010), importantly highlight that even though tributary
elements only comprise a small aerial extent, they can form relatively thick deposits,
such as those cited within Fielding et al. (2012). Their importance is not ignored
by Weissmann et al. (2010), who state tributary systems are present in the form of
1
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axial rivers, or within interfan areas, within some of the basins studied. However, a
key message is these tributive elements are held within aggrading continental basins
and thus have a higher preservation potential than tributive elements held within
drainage basins such as those cited by Fielding et al. (2012).
Geomorphic element Himalayan Foreland Andean Foreland Okavango Rift
Total DFS 92.8 97.99 94.52
Total tributive 7.2 2.01 0.93
other (lakes etc) 0 0 4.55
Table 1.1: Percentage that each geomorphic element comprises within three
sedimentary basins. Taken from Weissmann et al. (2013b).
There is an apparent need to revisit basin fill models to ensure that the right fa-
cies models are being applied when analysing fluvial sedimentary basin fills. Bristow
et al. (1999) states that non-aggrading rivers and their associated floodplain deposits
have a limited preservation potential and therefore models based on such rivers may
not be appropriate analogues for interpreting the geological record, which appears
particularly evident when trying to interpret continental basin fills. It is therefore
crucial that studies are conducted on the right analogues, and thus based on the
findings of Weissmann et al. (2010), further work on DFS is needed to further under-
stand how sedimentary basins fill their available accommodation. In this respect, the
identification of DFS is not new, but their importance to the stratigraphic record is.
1.1.1 Characteristics of DFS
A DFS is defined as being a pattern of channel and overbank deposits that radiate
outwards from an apex that is situated where a river enters a sedimentary basin and
is no longer confined (Weissmann et al., 2010). In this respect the deposits should
have a fan-like morphology (Figure 1.1), but as Hartley et al. (2010) note, a fan-like
morphology may not always be present. Such morphological features are commonly
known as alluvial, fluvial, terminal and mega fans within the literature (Weissmann
et al., 2010; Hartley et al., 2010; Weissmann et al., 2011). However as demonstrated
by Weissmann et al. (2010) these terms are an arbitrary split as a continuum in
DFS sizes exist. Weissmann et al. (2010) show from Shuttle Radar Topography
mission (SRTM) data that DFS have a concave-upward profile downstream, and a
convex-upward profile laterally across the system. An important, and commonly
misunderstood e.g. Sambrook-Smith et al. (2010), characteristic of a DFS is whether
the channels are coevally flowing; no assumptions are made as to whether the channels
are simultaneously active or not as some DFS do have coevally flowing channels, while
others may only have a a small number of channels with active flow (Weissmann et al.,
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2010; Hartley et al., 2010; Weissmann et al., 2011).
Modern and ancient descriptions of DFS exist within the literature. Modern
descriptions include those from the Okavango (Stanistreet & McCarthy, 1993), the
Taquari DFS (Assine, 2005), from the Himalayan (Shukla et al., 2001) and Andean
Foreland basins (Horton & Decelles, 2001), and those presented in Davidson et al.
(2013), to name just a few. Rock record examples of DFS include the Permian
aged Organ Rock Formation, UT (Cain & Mountney, 2009, 2011), Devonian aged
systems of Greenland and Ireland (Kelly & Olsen, 1993) and Spitsbergen (Friend
& Moody-Stuart, 1972), Triassic deposits of the Chinle Formation (Trendell et al.,
2013), Late Jurassic aged Salt Wash Member of the Morrison Formation (Craig et al.,
1955; Mullens & Freeman, 1957), Tertiary deposits of the Andes (Horton & Decelles,
2001), and Oligiocene-Miocene aged Huesca and Luna DFS, Spain (Hirst & Nichols,
1986; Nichols & Fisher, 2007).
From such studies it is clear that downstream predictable trends occur, and as a
result of this conceptual models of DFS can, and have been, produced. Rock record
based conceptual models include those by Kelly & Olsen (1993) and Nichols & Fisher
(2007). Davidson et al. (2013) has also produced a conceptual DFS model based on
results from satellite imagery analyses on modern DFS. A conceptual DFS model for
a prograding DFS is also published by Weissmann et al. (2013a). From both the
modern and rock record models, predictable downstream trends are observed such as
a decrease in channel size and an increase in floodplain to channel ratio.
1.1.2 DFS concept and the Salt Wash fluvial system
The Salt Wash Member of the Morrison Formation, SW USA, has been previously
described as being a fan shaped fluvial deposit (Craig et al., 1955; Mullens & Freeman,
1957). The Morrison Formation and its associated fluvial deposits initially gained
a lot of interest during the 1950’s and 1960’s due to the fluvial sandstones hosting
extensive uranium deposits (Cadigan, 1967). This system was chosen to test and
further refine the DFS model due to its reputation as having good exposure across a
large portion of the system.
1.2 Aims and objectives
The primary aim of this project is to conduct a system scale study on the Salt Wash
fluvial system to:
1. Produce a facies model, with quantification of trends observed for the Salt Wash
Member, a candidate rock record DFS. Any models produced will then be used
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Figure 1.1: Example images of DFS across the globe. Top left = DFS from Tarim
Basin, China; top right = Kosi DFS, Himalayan foreland basin; middle left =
Taquari DFS, Pantanal Basin, Brazil; middle right = Okavango DFS, Botswana;
bottom = multiple DFS and the Brahmaputra axial system, Himalayan foreland
basin. Images taken from FSRG website. Images also in Weissmann et al.
(2010);Hartley et al. (2010) and Hartley et al. (2013).
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to further refine current DFS models produced by the Fluvial Systems Research
Group in order to help build towards a predictive model for DFS.
2. Try and determine how the system evolved and terminated as well as identify
key drivers and controls. It is hoped that by studying a combination of ver-
tical and lateral trends across the whole fluvial system, insights into the key
controlling mechanisms of DFS can be gained.
3. Test the DFS concept and its associated characteristics using the Salt Wash
fluvial system.
The aims listed above shall be primarily achieved through facies mapping and archi-
tectural analysis from selected outcrop sites across the whole system so that a system
scale analysis of trends can be conducted.
As our understanding changes with regards to DFS dominating continental sed-
imentary basin fill, it is not only important to ensure that the correct models are
being used when analysing sedimentary basins (Weissmann et al., 2010, 2013a), it is
also important that current facies models for DFS are tested and built upon to verify
integrity and academic advancement. As commented by Colombera et al. (2013),
many traditional facies models lack quantitative information, and as a result of this
the value of such models is hampered when making interpretations and comparisons.
To date there are few quantified, system scale models of DFSs to the authors knowl-
edge namely Hirst (1983) and Cain & Mountney (2011). This project aims to not
only test current DFS models but to also provide an advancement in our understand-
ing of DFS by quantifying facies distributions and any trends observed within an
ancient DFS in order to firstly make identification and comparison between different
DFSs more objective, and secondly provide a powerful three-dimensional quantitative
predictive tool for both academic and applied purposes.
DFS have already been proven to be viable petroleum and gas reservoirs, such as
those in the Permian Gas Basin in Britain and the Netherlands (Moscariello, 2013)
and within the Monteith A sands (Kukulski et al., 2013), proven mineral hosts, such
as the vast Uranium deposits found within the Late Jurassic age Morrison Formation
(Peterson (1977); Turner-Peterson (1986)), as well as being proven water aquifers
e.g. Weissmann et al. (2002b). Due to their proven reservoir qualities, gaining an
increased understanding of the distribution of facies at the larger sedimentary basin
scale, the medium system scale, and at the smallest reservoir scale is needed, to
aid in predicting where the reservoir quality sands are present, and help further
understand flow pathways and reservoir connectivity. This thesis primarily aims to
gain an understanding of facies distribution at the system, and to a lesser extent, the
sedimentary basin scale, by studying the Salt Wash fluvial system.
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1.3 The Salt Wash fluvial system
The Morrison Formation was originally defined by Cross (1894) and has received con-
siderable attention largely due to its rich abundance of dinosaur fauna and uranium
deposits. The Morrison Formation is present from central New Mexico to Mon-
tana, with equivalent aged beds extending this area into southern Canada (Turner
& Peterson, 2004). However, here a review will only be given within the study area
specifically, outlined in Figure 1.2 as the Salt Wash extent. A review of the wider
stratigraphy of the Morrison Basin, outside of the Salt Wash extent, will be provided
in Chapter 8. This thesis shall use the term ‘Salt Wash fluvial system’ to describe
deposits from a single fluvial system that was sourced from central northern Arizona.
This term is used rather than ‘Salt Wash Member’ as a system rather than lithostrati-
graphic approach is being taken to ensure that focus is on the distribution of different
facies and systems, rather than on lithostratigraphic terms, which as shall be shown
in this thesis has its limitations with regards to understanding the distribution of
facies within a basin.
1.3.1 Geographic setting of the study area
Present day setting
The Morrison Formation is exposed across the western interior of the United States
of America and Canada (Figures 1.2 and 1.3) (Turner & Peterson, 2004). The Salt
Wash fluvial system however, extends over a much smaller area around the Colorado
Plateau, as can be seen in Figure 1.2. Deposits are principally present across central
Utah through to western-central Colorado, with further outcrops also found in north-
eastern Arizona and north-western New Mexico (Figure 1.3) (Craig et al., 1955;
Mullens & Freeman, 1957). The Salt Wash is reported to have been removed by
subsequent Cretaceous erosion southwest of exposures found in south-central Utah
and north-eastern Arizona (Mullens & Freeman, 1957). The most northern limit of
the Salt Wash fluvial system is reportedly near Vernal, northern Utah, the western
limit in the Wasatch Plateau area and the most eastern limit around Gunnison and
Glenwood Springs in central Colorado (Figure 1.3) (Mullens & Freeman, 1957) . The
limit of the Salt Wash system defined by Mullens & Freeman (1957) also defines the
area of study. The strata within the study area have generally experienced very little
deformation and dip at an angle between 0.5-2◦, although locally dips can reach up to
20◦ along monoclines that have been influenced by Cretaceous or Tertiary tectonics
(Peterson, 1984).
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Figure 1.2: Map
showing the extent of the
Morrison Formation and
related beds according
to Turner & Peterson
(2004) and the Salt
Wash extent according
to Mullens & Freeman
(1957). Map modified
from Turner & Peterson
(2004) and Mullens &
Freeman (1957).
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Jurassic Setting
During the Late Jurassic, Utah was situated further south of its present day position
at a latitude of approximately 30-35◦, somewhere within the region of present day
Arizona (Van Fossen & Kent, 1992; Robinson & McCabe, 1997; Turner & Peterson,
2004). A difference in pole positions is recorded within the Salt Wash and Brushy
Basin Members, and it is interpreted that a clockwise rotation of 2-3◦ of the Colorado
Plateau occurred in-between the deposition of the two members (Steiner, 1998). The
global climate during the Late Jurassic is reported to be warmer than present day
global climate conditions, and based on heightened CO2 levels Moore et al. (1992),
estimated temperatures of 20◦C within the winter and 40-45◦C in the summer within
the Western Interior region. However, Valdes & Sellwood (1992), produced winter
temperatures of 8◦C and summer temperatures of 24-28◦C, based on lower CO2 lev-
els. Despite a discrepancy in modelled temperatures, it is generally agreed that the
Morrison experienced a dry climate and has been likened to the present day African
Savannah climate (Parrish et al., 2004; Turner & Peterson, 2004).
1.3.2 Tectonic setting
The details of the tectonic configuration of the Late Jurassic of the western USA are
contentious within the literature. Agreement appears to persist with regards to the
presence of a broadly NW-SE compressional regime whereby an eastward dipping
subduction of the palaeo-Pacific Farralon plate was occurring below the northwest-
ward propagating North American continental plate, resulting in the formation of a
magmatic arc (Decelles, 2004; Turner & Peterson, 2004). The compressional regime
was not uniform across the margin as the northern portion experienced an orthogo-
nal compressional regime which resulted in a shortening of the crust (Decelles, 2004).
The south-western margin experienced a compressional regime that was near parallel
to the margin, and as a result a sinistral strike-slip intracontinental rifting phase per-
sisted and the Bisbee-McCoy basin formed (Figure 1.4) (Dickinson & Lawton, 2001b;
Decelles, 2004).
There is a clear consensus with regards to the formation of the Bisbee-McCoy
Basin within the literature, with the basin being described as being a sinistral exten-
sional basin (Turner & Peterson, 2004). The elevated rift shoulders of the Bisbee-
McCoy Basin are the result of thermotectonic processes (Turner & Peterson (2004)
and references within). The extensional basin had a small aerial footprint but ac-
quired substantial, 2-3km thick, deposits of both continental and marine origin as
well as magmatic rocks (Decelles, 2004; Turner & Peterson, 2004; Spencer et al.,
2011). The rift shoulders north of the basin, the Mogollon Highlands, not only pro-
vided sediment to the Bisbee-McCoy Basin, but were crucial sediment sources for the
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Figure 1.4: Tectonic reconstruction of North America during the Late Jurassic.
Yellow arrows indicate sediment dispersal patterns. Modified from Blakey (2013)
and Turner & Peterson (2004).
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Figure 1.5: Three possible mechanisms whereby accommodation is created for
Morrison sediments. Modified from Currie (1997). See text for explanations.
Morrison Basin throughout its depositional history (Turner & Peterson, 2004).
Most of the contention within the literature lies with timing of thrusting to the
west and how subsidence within the Morrison Basin was derived (Turner & Peterson,
2004). Several arguments are presented:
1. Some of the original interpretations considered the Morrison Formation to be
a foreland basin, or an incipient foreland basin setting (Figure 1.5A)(Robinson
& McCabe, 1997), with sediment sources coming from the uplifted western
thrust belt (Decelles (2004) and references within). However, some authors
contest this interpretation as Morrison deposits do not display the thickness
patterns typically present within a flexural load setting (Decelles (2004), Fig.
7). Within this Figure Decelles (2004) shows the Morrison Formation to be
thinning to the west, towards the thrust system rather than having an asym-
metrical fill that is thickest towards the flexural load (i.e.Allen & Allen (1990,
Fig 6.10); Currie (1997, Fig 4)). Other interpretations differ slightly in that
Morrison deposits were deposited within the back-bulge of an overfilled fore-
land basin (Figure 1.5B) (Decelles & Burden, 1991). Decelles (2004) states this
interpretation requires the presence of a foredeep, which Royse (1993) shows
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as plausible through a series of cross-sections. Royse (1993), proposed that
the foreland deposits were later uplifted and eroded due to Cretaceous tectonic
thrusting. Currie (1997) also argues for the case that Morrison deposits were
deposited within a back-bulge setting of a foreland basin, but differs slightly in
arguing a case for the presence of a forebulge (Figure 1.5B). Forebulge migra-
tion, flexural and regional dynamic subsidence are interpreted in this case to
cause the accommodation required (Currie, 1997; Currie, 1998; Decelles, 2004).
This hypothesesis requires Late Jurassic thrusting.
2. Heller et al. (1986) argue accommodation for Morrison deposits was created
through regional tectonothermal subsidence and hypothesise this was the result
of the Middle Jurassic thermal metamorphic event and/or thrusting to the west
of the Sevier thrust sheet causing flexural subsidence (Figure 1.5C). Decelles
(2004) considers there are problems with this interpretation as the mechanisms
cited by Heller et al. (1986) are difficult to reconcile with evidence presented.
This argument places the time of thrusting to Early Cretaceous (Aptian) times.
3. Lawton (1994) relates regional subsidence during Morrison times to the subduc-
tion of the oceanic Mezcalera plate. However, Decelles (2004) raises important
flaws with this hypothesis as firstly the presence of the Mezcalera plate is not
certain, and secondly subduction for this hypothesis would have been too re-
strictive both temporally and spatially to explain Morrison deposits. However,
Dickinson & Lawton (2001a) argue that the subduction of the Farralon plate
could have played a far-field role in creating subsidence for Morrison deposits
(Decelles, 2004).
To date the Late Jurassic tectonic framework and causes of Morrison subsidence
are not yet resolved. The Salt Wash fluvial system is sourced from a tectonically
complex area at the syntaxis of the Sevier thrust system and Mogollan highlands
(Dickinson & Gehrels, 2008) (Figure 1.4). It is hoped that this study may provide
insights into the tectonic regime through detailed study of the sediments.
Minor uplifts are also reported to have been present within the Morrison Basin
(Turner & Peterson, 2004), but are only thought to influence facies distributions
and not provide any additional sediment to the basin (Peterson, 1988a; Turner &
Peterson, 2004).
1.3.3 Stratigraphy and depositional setting of the study area
As can be seen in Figure 1.6, the Morrison Formation is bounded by two unconfor-
mities and is predominately composed of three stratigraphic units.
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Figure 1.6: Stratigraphic chart of the study area. Adapted from Peterson (1986)
and Kjemperud et al. (2008). Images shows how the different stratigraphic units
typically appear within the field. Image taken from Bullfrog.
Below the Morrison Formation
The terrestrial deposits of the Morrison Formation commonly overlie the Middle
Jurassic aged marginal marine Summerville Formation of the San Rafael Group
(Craig et al., 1955). These deposits represent the final withdrawal of a Middle Jurassic
sea (Robinson & McCabe, 1998). When the Summerville Formation is not present the
Morrison Formation lies above the slightly older Wanakah Formation which is mainly
present in SW Colorado to SE Utah (Condon & Peterson, 1986). The depositional
environment for the Wanakah Formation has been debated in the past as being ei-
ther marginal marine or lacustrine (O’Sullivan et al., 2006). O’Sullivan et al. (2006),
conclude from fossil evidence and deposit colouration that the Wanakah Formation
was largely deposited within terrestrial and lacustrine environments. The Morrison
Formation is also known to overlie Precambrian basement rocks near Gunnison, CO
(Robinson & McCabe, 1998).
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Basal contact of the Morrison Formation
The nature of the contact between the Morrison Formation and underlying strata
is not uniform across the study area. The regionally extensive J5 unconformity of
Pipiringos & O’Sullivan (1978) defines the contact between the base of the Morrison
and formations below. The J5 unconformity is both a conformable and unconformable
contact (Cadigan, 1967) and has a relatively low relief (Pipiringos & O’Sullivan, 1978).
Mullens & Freeman (1957) and Bernier & Chan (2006) note the contact in the San
Rafael Swell and Henry Mountains area, UT (Figure 1.3), is erosional as the Salt Wash
erodes into contorted Summerville beds. Mullens & Freeman (1957) also observe the
presence of an unconformable contact over salt anticlines in western Colorado and
over Precambrian rocks in the Gunnison and Canon City area, CO (Figure 1.3).
Brady (1969) and Peterson (1984) both note the contact as being unconformable in
south central Utah, north central Arizona and in the Henry Mountains region, UT
(Peterson, 1977).
However, Mullens & Freeman (1957) observe the contact as being conformable
in most areas and conclude that the contact simply represents a change in deposi-
tional environment. This is mirrored by Kjemperud et al. (2008) who also note the
contact is conformable on the Burr Trail in the Henry Mountains area, UT (Figure
1.3). Dickinson & Gehrels (2008) comment that the lack of regional scour on the
J5 unconformity suggests a hiatus in sedimentation is not present as fluvial systems
prograde into marginal marine environments. However, based on radiometric data
Kowallis et al. (1998), estimate there is a 1My hiatus present at the J5 unconformity
(Figure 1.6). Craig et al. (1955) define the base of the Morrison as being the base of
terrestrial fluvial Late Jurassic deposits that overly beds of the marine or marginal
marine San Rafael group. It is clear the character of the basal Morrison contact
changes across the area (Craig et al., 1955).
At the base of the Tidwell Member, which marks the boundary of the Morrison
Formation and formations below, a marker bed referred to as ‘Bed A’ is reported
to be present (O’Sullivan, 1981, 1984, 2004). The authors describe Bed A as being
a sandstone bed that has a varying thickness (0.5m to 2.5m (O’Sullivan, 1981)),
contains coarse grains of quartz and chert, is ripple laminated and rarely contains
dinosaur tracks. O’Sullivan (1981) notes the coarse grains in Bed A decrease in
presence from the San Rafael Swell, UT, down to Dewey Bridge, UT (Figure 1.3),
and become sparse or absent eastward of this point. However, it is difficult to see
how Bed A is distinguished from other sandstone beds when the coarse grains are not
present. Bernier & Chan (2006) note the presence of Bed A but do not recognise it at
one of their localities. Demko et al. (2005) interprets Bed A at Shootaring Canyon,
UT (Figure 1.3), as being deposited within a desert environment that had ephemeral
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streams and low-relief aeolian sand sheets present in the landscape. However, along
the Fremont River, UT, north of Shootaring Canyon, Demko et al. (2005) note Bed A
as being much coarser and poorly sorted and interpret it here to be deposited by debris
flows in an ephemeral stream environment which experienced aeolian modification.
O’Sullivan (1981) state they are unsure of how Bed A was deposited. Other authors
such as Tyler & Ethridge (1983a); Robinson & McCabe (1998) and Kjemperud et al.
(2008) do not mention the presence of Bed A in their studies. Craig, states by
personal communication in O’Sullivan (1984) that they would exclude Bed A from
the Morrison Formation as it is more closely related to the Summerville Formation.
In conclusion the lack of clarity within the literature, in terms of determining a viable
depositional mechanism and regionally extensive diagnostic features, makes Bed A
an ambiguous marker bed. The base of the Morrison Formation, and therefore base
of the Salt Wash fluvial system, is defined in this thesis as being the base of terrestrial
fluvial and lacustrine deposits.
The Morrison Formation
Across the study area the Morrison Formation is composed of three main lithostrati-
graphic units; the Tidwell, Salt Wash and Burshy Basin Members (Figure 1.6). In
addition to these three units, the Morrison Formation also includes the aeolian Bluff
and Junction Creek Sandstone Members, which lie stratigraphically below the Salt
Wash fluvial system, and fluvial Recapture Member (stratigraphically equivalent to
the Salt Wash fluvial system) and the fluvial Westwater Canyon Member (strati-
graphically higher than the Salt Wash fluvial system, equivalent to the Brushy Basin
Member) (Craig et al., 1955; Turner & Peterson, 2004). The Salt Wash fluvial sys-
tem interacts with these stratigraphic units, however, this shall be presented and
discussed in more detail in Chapter 8.
Tidwell Member
Within the literature it is generally agreed that the Tidwell Member is placed at
the base of the Morrison Formation, with the exception of Anderson & Lucas (1995,
1997, 1998), Lucas & Anderson (1998), and Lucas et al. (1999), who believe the Tid-
well Member should be placed within the San Rafael Group. The Tidwell Member
is largely present across the study area, missing only in the Kaiparowits area due
to either erosion by Salt Wash channels, or where the Salt Wash is not present, due
to Late Cretaceous erosion (Peterson, 1986). The Tidwell Member is composed of
sandstones, limestones, mudstones and gypsum which are collectively interpreted to
have been deposited on a broad mud flat which had minor fluvial and lacustrine
environments (Peterson, 1980, 1986; Robinson & McCabe, 1997). The Tidwell Mem-
ber is recognised by a handful of authors to be the distal deposits of the main Salt
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Wash fluvial system (Condon & Peterson, 1986; Bernier & Chan, 2006; Kjemperud
et al., 2008). The Tidwell Member is also reported to have minor marine components
which are believed to be deposits from a brief marine transgression within an over-
all regressive setting (Turner & Peterson, 2004) and have minor aeolian units in the
Kaiparowits and Henry Mountains region (Peterson, 1980; Peterson, 1986).
A marker bed termed ‘Bed B’ is described as being present in the middle of the
Member (O’Sullivan, 1984). However, again Bernier & Chan (2006) do not identify
the marker bed at all localities. Peterson (1988b) describes another marker bed,
known as ‘sunset agate’, as being present within the Tidwell member that ‘consists
of authigenic red and (or) yellow chert in small blebs 1-2mm in diameter or in nodules
or concretions as much as a metre long’, (p40). It is notable that the location of the
marker bed can vary stratigraphically within the Tidwell depending on location and
thus is not always of use.
The Salt Wash Member
The Salt Wash Member stratigraphically lies above the Tidwell Member (Figure
1.6). The contact between the Salt Wash and Tidwell Member is often described
as being gradational and interfingering (Peterson, 1980, 1986; Robinson & McCabe,
1998; Bernier & Chan, 2006), but is in places described as being sharp due to Salt
Wash fluvial erosion (Tyler & Ethridge, 1983a,b; Robinson & McCabe, 1998). The
Salt Wash Member is composed of sandstones that are interbedded with mudstones
(Robinson & McCabe, 1998), which represent deposition within fluvial channel and
overbank environments (Stokes, 1954; Craig et al., 1955; Mullens & Freeman, 1957;
Shawe et al., 1959; Peterson, 1977, 1978, 1980, 1984, 1986, 1988a; Tyler & Ethridge,
1983a,b, Robinson & McCabe, 1997, 1998; Turner & Peterson, 2004, Kjemperud
et al., 2008). The fluvial planform of the Salt Wash Member is commonly interpreted
to be braided (Craig et al., 1955), but as shall be discussed in detail in Chapter 4,
this is a simplistic interpretation.
The Salt Wash Member is present in central and eastern Utah through to central
to western Colorado, north-west Arizona and north-east New Mexico (Figure 1.2).
It is reported to pinch out onto palaeotopographic highs; one on the south-west
side of San Rafael Swell, UT, and the other in the Black Mesa region, AZ (Figure
1.3) (Peterson, 1986). Palaeocurrent readings presented by Craig et al. (1955), show
the fluvial system has a broadly radial palaeocurrent pattern with flow heading in
north, north-east and easterly directions. The location of the source area for the Salt
Wash is not certain, however it is estimated that the position of the apex resides
somewhere within west-central to north-west Arizona, south-eastern California and
southern Nevada (Craig et al., 1955; Robinson & McCabe, 1998). The position of
the apex will be further considered within this project (Section 5.2).
The Salt Wash Member has been divided into three informal units by Peterson
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(1977, 1978, 1984, 1986) using stratification ratios and cross-bedding dip-vectors,
which is based on work conducted by Smith (1970). The stratification ratio is defined
as:
P
P +H
× 100 (1.1)
where P = the total thickness of planar cross-bedded sets and H is the total thick-
ness of horizontally laminated sets (Peterson, 1986). Smith (1970), originally states
that using the assumption that transverse bars are more prevalent downstream as a
result of stream fractionation, the ratio between planar cross-stratification and hori-
zontal stratification can give a rough estimate of the relative proportion of transverse
to longitudinal bars and through this an idea of proximity, as deposits with low ratios
are generally found in proximal areas and high ratios in more distal areas. Peterson
(1986) states the lowest Salt Wash sequence is characterised by high stratification ra-
tios and north-eastward palaeoflow directions and has a sharp contact with the middle
sequence. The middle sequence is characterised by lower stratification ratios and east
to southeast palaeocurrent directions. The uppermost sequence is characterised by
intermediate stratification ratios and north-east or southeast palaeocurrent directions
and has a contact that interfingers with the middle sequence as well as possessing a
deep scour (Peterson, 1986).
However, the validity of the ratio is brought into question as there appears to be
no sound sedimentological justification behind the ratio, with too many assumptions
with regards to formation and preservation of horizontal and planar cross-sets and
incorrect extrapolation of sedimentary structures to the whole fluvial system. A
particular issue with regards to how much of a set is preserved is clear, as it cannot
be assumed that the thickness preserved is the thickness originally deposited. It is
also noteworthy that several different conditions and subenvironments exist in which
horizontal or planar cross-sets are formed. It appears the stratification ratio has not
been sufficiently tested and thus care should be taken before applying it. Peterson
(1986) states stratification ratios are most effective when working on braided deposits
and are not effective for meandering or anastomosing deposits due to scarcity of
planar cross-sets. As shall be discussed in Chapter 4, it is incorrect to assume the
Salt Wash fluvial system is wholly braided and thus it is questioned as to whether the
stratification ratio can be correctly applied to the Salt Wash Member. The ratios have
also been used by Peterson (1984) to infer tectonic perturbances but it is clear that
care should be taken when using small scale sedimentary structures such as bedforms
to infer large scale tectonic processes. A flaw is also present in its application to
the Salt Wash as all three sequences are not recognised in the Salt Wash across the
Colorado Plateau. They are reported by Peterson (1986) to interfinger with each
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other, and thus the ratio does not appear to provide any useful information about
the fluvial system.
Tyler & Ethridge (1983b) have also subdivided the Salt Wash within the Slick
Rock district, CO, but have done so into three subdivisions based on sandstone dom-
inance. The authors describe at the base a sandstone-dominated lower interval; a
middle interval which has a variable mudstone content that is interbedded with three
to seven sandstone bodies, and an upper interval that is sandstone dominated (Tyler
& Ethridge, 1983b). Robinson & McCabe (1997) have also informally subdivided the
Salt Wash Member, but have done so into two divisions within the Henry Mountains
region, UT; a lower interval that is composed of >80% cliff-forming amalgamated
sands with small mud packages and an upper interval that consists of <80% of re-
cessive sandstone and thicker mud packages. Robinson & McCabe (1997) claim the
difference in weathering is the result of a difference in mud content, which is driven by
accommodation changes through time. However, pitfalls exist with both subdivisons
as they both have only been applied to single areas within the system. This is evident
when you compare the difference in the two divisions as Robinson & McCabe (1997)
subdivisions imply a fining upward trend, whereas Tyler & Ethridge (1983b) subdi-
visions implying a fining, followed by a coarsening (or thickening) upwards trend.
Due to the apparent pitfalls with the three different subdivisions of Peterson
(1977), Tyler & Ethridge (1983b) and Robinson & McCabe (1997), the Salt Wash
Member shall be studied as an entire depositional package rather than as separate
depositional units.
Peterson (1980) (p308) defines the top of the Salt Wash as being ‘at the top of
the highest reasonably continuous sandstone, or pebbly sandstone, or conglomerate
bed that does not have an appreciable thickness of mudstone beneath it ’. However,
the transition from the Salt Wash Member into the Brushy Basin Member varies and
can be ambiguous (Peterson, 1988b), particularly with regards to facies transitions
as the two Members are both fluvial and lacustrine deposits. The contact itself is
described as being conformable (Peterson, 1986; Tyler & Ethridge, 1983b). Tyler &
Ethridge (1983a) describe the transition as being sharp as the Brushy Basin rests
abruptly on the Salt Wash Member and Mullens & Freeman (1957) state in some
areas there is textural variation between the two Members. However other authors
such as Peterson (1986) describe the two members as locally interfingering. Demko
et al. (2004) argue there is a regional red argillic calcisol palaeosol unconformity
that has abundant termite trace fossils that marks the transition between the two
members.
Taking all of the literature, and observations from the field into account, the
base of the Salt Wash fluvial system will be taken as the point at which continental
fluvial deposits start (i.e. the base of the Tidwell), and the top of the system shall be
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taken using the guidelines given by Peterson (1980), as the last reasonably continuous
sandstone that does not have an appreciable amount of mudstones below.
Brushy Basin Member
The Brushy Basin Member is at the top of the Morrison Formation within the area
of study. The Brushy Basin Member has a similar aerial extent to the Salt Wash
Member as it is present in eastern Utah, western Colorado, northeastern Arizona and
northwestern New Mexico (Craig et al., 1955). The Brushy Basin Member is com-
posed of mudstone, limestone, sandstone and local conglomerates that were deposited
within a mixture of fluvial channel, overbank, wetland and alkaline saline lacustrine
environments (Craig et al., 1955; Turner & Peterson, 2004; Dunagan & Turner, 2004).
Bentonitic clay is also present and has been interpreted to have been derived from
volcanic ash carried from the Sevier arc region to the west by prevailing westerly
winds (Craig et al., 1955; Turner & Fishman, 1991; Turner & Peterson, 2004). A
‘clay change’ is described to be present within the Brushy Basin Member, with illitic
mixed-layer clays below and smectitic mix layer clays above, marking an increase in
altered volcanic ash (Turner & Peterson, 2004). A large alkaline, saline lake is in-
terpreted to be be present within the Brushy Basin, that was predominately shallow
and frequently shrank due to evaporitic conditions (Turner & Fishman, 1991). This
lake, termed Lake T’oo’ddichi’ by Turner & Fishman (1991), is thought to have had
a large aerial extent covering a region from near Albuquerque, NM, through to Grand
Junction, CO. The source area for the Brushy Basin Member is even more poorly
constrained than the Salt Wash Member, but it is speculated by Craig et al. (1955),
that it was the same source area as the Salt Wash fluvial system.
Above the Morrison Formation
Cerataceous deposits, in the form of either the fluvial Buckhorn Conglomerate or
Cedar Mountain Formation, lie above Morrison aged deposits within the study area
(Figure 1.6)(Currie, 1997). The K-1 unconformity marks the boundary between
the two deposits and is regionally extensive (Pipiringos & O’Sullivan, 1978). When
the Buckhorn Conglomerate is present the unconformity is erosional in nature, but
when it is not, a well-developed palaeosol marks the transition from the Jurassic to
Cretaceous (Currie, 1997; Demko et al., 2004).
Age of the Morrison Formation
Kowallis et al. (1998) radiometrically dated the Morrison Formation using 40Ar/39Ar
on sanadine from ash beds present within the Formation. Ash beds at the base of the
Formation within the Tidwell Member yielded ages 154.75±0.54 Ma, 154.82±0.58Ma
and 154±1.4Ma. Ash beds at the top of the Brushy Basin Member yielded dates of
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148.1±0.5. From these results it can be concluded that the Morrison Formation was
deposited from late Oxfordian to early Kimmeridgean through to early Tithonian
(based on stratigraphic ages provided by Gradstein, 2004), and thus the Morrison
represents 7-8Ma of deposition. The Salt Wash Member specifically is largely absent
of material to be radiometrically dated but it is estimated that it was deposited
during the Kimmeridgean (Turner & Peterson, 2004). Palynological evidence from
Litiwin et al. (1998) conclude that Morrison deposition occurred no earlier than the
latter parts of the Oxfordian, with deposition increasing during the Tithonian and
thus largely agree with the radiometric dates obtained by Kowallis et al. (1998).
Palaeomagnetic studies have also been conducted by Steiner et al. (1994) on the
Morrison Formation, however, the results were not consistent with other more robust
dating methods (Turner & Peterson, 2004) and are thus not considered.
1.4 Modern day fieldwork - Gilbert DFS, Queens-
land, Australia
Within this thesis data and observations from a three week field excursion to the
Gilbert DFS shall be drawn upon. General field observations and photographs were
taken while undertaking field assistant duties for PhD student Kelsey McNamara,
University of New Mexico. The Gilbert DFS is located in northwestern Queensland,
Australia and drains into the low gradient Gulf of Carpentaria (Nanson et al., 2013),
where the toe of the DFS is currently being reworked by marine processes (Figure
1.7). The Gilbert DFS has an apex to toe length of approximately 170km and an
aerial extent of approximately 12,495km2. It is being deposited under monsoonal
climate conditions within an intracratonic basin that has been slowly subsiding since
the late Tertiary (Jones et al., 1993), allowing the system to prograde into the Gulf
of Carpentaria (Nanson et al., 2013).
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Figure 1.7: Location map of the Gilbert DFS. False colour image taken from
FSRG website.
1.5 Methodology
1.5.1 Field methods, Salt Wash Member
Data was collected during four field excursions to the study area between September
2010 to July 2012. Sedimentary logs were measured at 28 locations (Figure 1.3 and
Table 1.2), within an area that has been previously mapped as being Salt Wash
deposits by Mullens & Freeman (1957), the extent of which can be seen in Figure 1.2.
General observations were also made at numerous other sites. Sites were primarily
selected to ensure a good spatial spread of sites across the whole DFS, and also based
on exposure quality and ease of access. The location of the 28 measured sites can
be seen in Figure 1.3. Measured sections were drawn at a minimum 5cm scale and a
description for each bed was recorded. For each bed description the grain size (using
the Wentworth size class), grain shape, grain roundness, lithology, sediment sorting,
colour, bed thickness and extent, basal and top bedding surface nature, bed geometry
and presence of any sedimentary structures and trace fossils and fossils were made.
Palaeocurrent measurements were also taken where possible.
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Location Latitude Longitude
Fifty Mile Point 37.26141 -111.02191
Atkinson Creek 38.39481 -108.75433
Blue Mesa Reservoir 38.47228 -107.17639
Buckhorn Flat Rd 39.2086 -110.8031
Bullfrog 37.62224 -110.79669
Butler Wash Rd 37.48014 -109.61714
Caineville 38.27692 -111.10703
Chimney Rock Rd 39.19832 -110.41093
Collet Canyon 37.54612 -111.43064
Colorado National Monument 39.05553 -108.7364
Dewey 38.81958 -109.28395
Dominguez canyon 38.80136 -108.31521
Durango 37.31077 -107.86103
Exit 149 I-70 38.9242 -110.39959
Halls Creek 37.82216 -110.96803
Hanksville 38.37164 -110.76224
Kane Springs 38.39419 -109.44475
Little Park 39.02073 -108.62068
McElmo Canyon 37.3395 -108.73198
Montezuma Canyon 37.78012 -109.27986
Pinon 38.22859 -108.35773
Polar Mesa 38.6518 -109.13993
Salt Valley 38.86401 -109.74745
Slick Rock 38.04441 -108.90556
Smith fork 38.73742 -107.82759
South Canyon 39.55461 -107.40983
Summit Canyon 38.00936 -108.94272
Vernal 40.40404 -109.24562
Table 1.2: Co-ordinates for the 28 localities studied
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1.5.2 Data processing
A facies analysis was conducted on the sedimentary logs. Facies were defined based
on the principal lithology and sedimentary structure present within individual beds.
Modifications were made to the Miall (1977) scheme to ensure an accurate repre-
sentation of the deposits studied. Facies associations were then devised based on
recognising a combination of facies (processes) that are indicative of certain depo-
sitional environments (Collinson, 1969), with deposit architecture and presence of
trace fossils and palaeosols aiding any interpretations made.
Data such as bed thickness, basal boundary, lithology, grain size, sedimentary
structures, facies and facies association were then extrapolated from the sedimentary
logs and stored within a database. This database allowed a quantitative approach to
be taken when analysing and comparing sedimentary logs, particularly with regards
to the spatial distribution of the facies associations. Facies associations, as opposed
to facies, are quantified at the association scale which is deemed to be the most
appropriate scale for analyses when studying a whole system, as well as providing a
comparison with modern analogues.
1.5.3 Thesis outline
This thesis contains 10 chapters, 4 pull-outs and 1 CD that contains all of the ap-
pendices. Pull-outs A, B and C contain the sedimentary logs for each locality, and
pull-out 1 a map of localities. Within Chapter 2 a description and interpretation
of each facies defined can be found. Based on the facies defined within Chapter 2,
Chapter 3 presents the different facies associations interpreted to be present for the
Salt Wash fluvial system. Within this chapter observations and experiences from
work on the Gilbert DFS are drawn upon to provide modern analogues for the as-
sociations defined within the Salt Wash fluvial system. Chapter 4 discusses issues
present with current fluvial planform classification schemes. A discussion with re-
gards to previous Salt Wash fluvial planform interpretations can be found within this
Chapter. Chapter 5 constrains the aerial extent of the Salt Wash fluvial system.
Within the Chapter a methodology that statistically estimates the position of an
apex for a DFS is presented and tested using a modern day system, for which the
position of the apex is known. This method is then applied to the Salt Wash fluvial
system in order to better constrain the limits of the system and palaeogeography of
the Morrison Basin. The position of the toe of the system is also defined within this
Chapter. Within Chapter 6, spatial trends of the Salt Wash fluvial system including
architectural changes downstream, thickness trends, palaeocurrent trends and spatial
distribution of the different facies associations and their characteristics are presented
and analysed. Analyses shall take place using a quantitative rather than qualita-
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tive approach, with the exception of the architectural analyses. The quantitative
approach shall allow a more objective analysis to be undertaken. An analyses of any
vertical trends present within the Salt Wash fluvial system is presented in Chapter 7
in order to gain an understanding of how the Salt Wash fluvial system developed and
changed through time, again using a quantitative rather than qualitative approach.
Any vertical trends shall also be spatially analysed within the chapter. Chapter 8
is a short review of the wider Morrison Basin and how the Salt Wash fluvial system
interacts with other systems within the Morrison Basin based on observations made
within the field and an analysis of Morrison Formation literature. This Chapter will
also present scope for further work based on discussions within the Chapter. Chapter
9, shall present the final quantified three dimensional facies model of the Salt Wash
fluvial system. Comparisons to other published DFS models shall be made with
wider applications and importance of the quantified model being discussed. This
chapter shall also bring together the final conclusions of this thesis and outline areas
for further work.
Chapter 2
Facies
2.1 Introduction
Within this chapter a facies analysis of data from graphic sedimentary logs and
descriptions from locations across the study area are presented in the form of a
series of descriptions and interpretations for each facies defined. A facies scheme
was devised based on Miall’s (1977) lithofacies coding system, with the addition of
new codes to ensure an accurate representation of the deposits studied and to avoid
‘fitting’ descriptions into the scheme devised by Miall (1977). The facies scheme
produced for this study consists of thirteen facies and one subfacies, a summary of
which can be seen in Table 2.1. Facies were determined based on the dominant
sedimentary structure and lithology present, and thus by the dominant process, with
other structures and features, that sometimes define other facies, being present but to
a lesser extent. All interpretations of sedimentary structures present within Section
2.2 are largely based on the bed-form stability diagram (Figure 2.1) which was devised
from experimental flume tank studies by Arnott & Southard (1990) and Southard
(1991).
For each facies a number of statistics were calculated. The average grain size
for each bed was calculated to account for beds that have more than one grain size
present (i.e. beds with normal grading). Using the average grain size for each bed
the number of beds present within each grain size category of the Wentworth scale
was calculated and is expressed as a percentage of the total number of beds. This
was done to help demonstrate what the dominant grain size within each facies is.
The original data analysed can be found on the appendix CD within the file ‘facies
database’.
Bed thickness data were also analysed to see if there were any trends in the data to
suggest that certain facies were thicker than other facies. The average bed thickness
was calculated, however, this statistic alone was not representative of the data set
as there is often a large range in bed thickness’s. Calculating the standard deviation
25
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Figure 2.1: Bedform stability diagram. Modified from Southard (1991)
for bed thickness is considered to be an inappropriate calculation as the deviation
from the mean is not encountered in both directions due to the datasets often being
skewed. Stating the modal bin size is also deemed to be inappropriate as the modal
bin size changes considerably depending on the bin sizes chosen. Calculating the
cumulative frequency was deemed to be an appropriate method of analysing bed
thickness as it would give insights into bed thickness distributions within a particular
facies as well as allowing comparisons between different facies to be achieved with
relative ease. The trends in bed thickness will be described within each facies section
with any implications of trends found being discussed in Section 2.5. Within this
section example graphs of the trends described can be found.
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2.2 Facies descriptions and interpretations
2.2.1 Current rippled sandstone facies (Sr)
Lithology
Facies Sr is composed of sandstones that range in grain size from very fine to
medium-coarse sand, with an average grain size of fine sand being calculated. The
sediments are generally moderately sorted, with only a few beds being poorly sorted.
Individual grains within the sediment are sub-rounded. Mud clasts and floating
coarser grains (relative to the bulk grain size of a bed) are infrequent. The beds
within this facies commonly have a pale-yellow to brown colouration.
Bed geometry
Bed thickness ranges from 1cm to 1.6m, with an average bed thickness of 21.8cm
being calculated. When bed thickness data is plotted on a histogram a strong positive
skew is seen (Figure 2.2). On a cumulative frequency graph a steep gradient is initially
observed with a decrease in gradient seen as bed thickness increases (Figure 2.2).
This demonstrates that there are a high percentage of thin beds compared to thick
beds with unit frequency decreasing as bed thickness increases. A sharp planar or
erosional lower contact is present at the base of the beds. The beds mostly have a
tabular geometry with a clear lens geometry being rarely observed.
Figure 2.2: Histogram for facies Sr bed thickness.
Sedimentary structures
The dominant sedimentary structure, which defines this facies, is asymmetrical
ripple-lamination, examples of which can be seen in Figure 2.3. Individual sets are
no thicker than 1cm. Grooves, symmetrical ripple- lamination and horizontal planar-
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lamination can also be observed within these beds but are deemed to be accessory
elements. Localised soft sediment deformation is sometimes present.
Figure 2.3: A - Cross-sectional view of current-ripples. Flow is to the right. B -
Plan view of current-ripples. Flow direction is to the top left of the image
Trace fossils/fossils
Bioturbation, ranging from minor to intense, can be present with some trace fossils
being identified as Adhesive Meniscate Burrows (AMB) or burrows that were formed
by Ancorichnus, Steinichnus, Coprinisphaera, Coleoptera: Staphylinidae, Cambo-
rygma, Cochlinus and digger wasps (Hymenoptera: Sphecidae). Detailed descriptions
of burrow morphology and interpretations of tracemaker responsible can be found in
Section 2.3.
Interpretation
The asymmetrical morphology of the cross-lamination matches the description of
current ripple-lamination given by Allen (1968), and thus are interpreted to have been
deposited by migrating current ripples. The presence of current ripple-lamination
within sandstones indicates deposition was occurring from bedload within a uni-
directional flow in the lower flow regime (Southard, 1991). Asymmetrical ripple
lamination can also be formed by wave currents that have a stronger flow in one
direction (McKee, 1965); however, general consensus within the literature is that
asymmetric ripple-lamination is formed as a result of unidirectional flow, which is
the interpretation that this study will follow. Horizontal-lamination can be formed
under two different flow regimes as discussed in detail within a following section.
The symmetrical ripple-lamination seen in some of the beds is interpreted to be wave
ripple-lamination based on the description given by Allen (1984). The processes in-
volved in forming wave ripple-lamination are discussed in following sections. Grooves
were formed as a result of a tool, which was unidentifiable in the deposits studied,
being dragged along a soft bed by currents, producing a depression within the bed
that was subsequently filled by sediment (Reineck & Singh, 1973). The localised soft
sediment deformation observed is thought to be dinoturbation (Dodson et al., 1980).
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For detailed descriptions of occurrence, morphology and subsequent interpretation of
dinoturbation, see Section 2.3.1.
The presence of an erosional base indicates that flow was strong enough to erode
into pre-existing deposits before deposition, whereas a sharp planar lower contact
indicates deposition straight onto previous deposits without any significant incision
occurring.
It can be concluded that flow was largely unidirectional within the lower flow
regime, as indicated by the dominant presence of current ripple-lamination, with fluc-
tuations (either increasing or decreasing) in flow velocity occurring, as indicated by
the presence of horizontal-lamination, and on occasions switching from unidirectional
to an oscillatory motion, as indicated by the presence of wave ripple lamination.
2.2.2 Horizontally laminated sandstone facies (Sh)
Lithology
The Sh facies is composed of sandstones that range in grain size from very fine
to coarse sand, with an average bed grain size of fine sand being calculated. Normal
grading is not a common feature but when present beds fine up to clay. Inverse
grading is rare within this facies, being noted in only 2.1% of beds. The sediments
are moderately sorted with individual grains being sub-rounded in nature. Within
one bed a 1cm lens of gypsum was observed. The beds within this facies commonly
have a pale-yellow to brown colouration with purple mottling spots being observed
only on one bed.
Bed geometry
Bed thickness ranges from 2cm to 2.7m, with an average bed thickness of 29.2cm
being calculated. When bed thickness data is plotted on a histogram a strong positive
skew is seen (Figure 2.4). On a cumulative frequency graph a steep gradient is initially
observed with a decrease in gradient seen as bed thickness increases (Figure 2.4). This
demonstrates that there are a high percentage of thin beds compared to thick beds
with unit frequency decreasing as bed thickness increases. A sharp planar base is
common (70.3%) with only a small proportion (27.1%) of beds having an erosional
base and an even smaller proportion (2.1%), having a gradational boundary with
the bed below. The beds within this facies often have a sheet like tabular geometry,
which are often traceable for at least 5 metres, but can be traceable for 20-30 metres
at sites with good exposure. Only 3.7% of beds possess a well-defined lens geometry.
Sedimentary structures
The dominant sedimentary structure, defining this facies, is horizontal-lamination.
The horizontal stratification can be either very well defined (Figure 2.5A) or can be
crude and poorly defined, as seen in Figure 2.5B. Trough cross-bedding, asymmetrical
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Figure 2.4: Histogram for facies Sh bed thickness.
ripple-lamination and symmetrical ripple-lamination can also be present but only
constitute a minor portion, making up less than 20% of each bed. Two forms of
soft sediment deformation occur within this facies. The first form is a larger scale
deformation that is 1m deep disrupting several beds and 1.5m across as can be seen
in Figure 2.6. The second form of soft sediment deformation is in cross-sectional
view localised small scale (15cm depth) domes, with cones being visible on the upper
surface of the bed (Figure 2.7).
Figure 2.5: A - Image showing well defined laminations. B - Image showing
poorly defined laminations
Trace fossils/fossils
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Minor bioturbation is only rarely present. Trace fossils found were interpreted to
be Camborygma, Cochlichnus and Steinichnus (for descriptions and interpretation
see Section 2.3).
Interpretation
As seen in the bedform stability diagram (Figure 2.1) horizontal-lamination can
form under two different flow conditions. Allen (1964a) noted the presence of plane
beds within the Lower Old Red Sandstone and experimentally demonstrated them
as being formed under upper flow regime conditions. After experimental flume tank
work Best & Bridge (1992) concluded that upper plane beds formed were the prod-
uct of migrating low amplitude bedwaves which were out of phase with the water
surface above. However, Yagishita et al. (2004) report the formation of upper plane
beds through two different mechanisms; through either the migration of low-relief
asymmetric ripples near subcritical flow or under conditions without any low-relief
bedforms but under supercritical flow. Horizontal-lamination can also be produced
under lower flow regime conditions (Picard & High, 1973) as indicated by numer-
ous experimental flume tank studies (Southard & Boguchwal, 1990) and the bed-
form stability diagram (Figure 2.1). It is suspected that the well defined horizontal-
lamination are the product of upper flow regime conditions, with less well defined
laminae being the product of lower flow regime conditions. The minor presence of
asymmetrical ripple-lamination, interpreted to be current ripple-lamination (Section
2.2.1), and symmetrical ripple-lamination, interpreted to be wave ripple-lamination
(Section 2.2.3), indicates there were minor fluctuations in flow velocity and direction
within the water column.
Normal grading within some of the beds suggests that there was either a decrease
in velocity through time or a reduction in sediment supply, with inverse grading sug-
gesting the opposite. The presence of soft sediment deformation indicates there was
deformation of the sediments prior to lithification. One primary cause of deformation
has been attributed to dinoturbation which is discussed further in Section 2.3. It is
unsure what the cause of deformation is in Figure 2.6. At the top of the deformation
a large dinosaur footprint can be recognised, however, below this there appears to be
a slip structure in which the sediments to the right have rotated downwards relative
to the sediments on the left. A clear conclusion could not be made as to what the
cause of deformation was but it is speculated that the weight of the dinosaur on
the soft sediment may have caused the beds to slip along a pre-existing weakness.
The small scale anticline features are interpreted to be convolute lamination based
on descriptions given by Dzulynski & Smith (1963). It is thought that water escap-
ing upwards from the sediment could be a possible cause of deformation due to the
upward tapering shape of the deformation, presence of cones on top of the bed and
possible identification of a fluidisation channel (Figure 2.7) (Lowe, 1975).
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The presence of gypsum within this bed suggests that there was either a short
interval during deposition in which there was subaerial exposure and evaporitic pro-
cesses were occurring or the gypsum is the product of diagenetic processes (Warren,
1999), which is discussed further in Section 2.2.12.
Purple mottling is thought to represent early pedogenic processes (Retallack,
2001). Palaeosol description and interpretation will be covered in Section 2.4.
The presence of an erosional base indicates that flow was strong enough to erode
into pre-existing deposits before deposition, whereas a sharp planar lower contact
indicates deposition straight onto previous deposits without any significant incision
occurring.
Figure 2.6: Large scale slip deformation, probably caused by heavy loading of a
large dinosoar
Figure 2.7: A -Fluidisation structure. B - Interpretation of features within
fluidisation structure
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2.2.3 Wave rippled sandstone facies (Sw)
Lithology
Facies Sw is composed of sandstones that range in grain size from very fine to
coarse sand, with an average grain size of fine sand being calculated. Normal grading
and inverse grading are each only present within 0.8% of beds within this facies,
making them a rare feature. The sediments are moderately sorted with individual
grains being sub-rounded in nature. Some floating coarser grains (relative to the bulk
grain size of a bed) are rarely scattered within the beds. The beds within this facies
commonly have a pale-yellow to brown colouration.
Bed geometry
Bed thickness ranges from 1cm to 1.7m, with an average bed thickness of 19.4cm
being calculated. When bed thickness data is plotted on a histogram a strong positive
skew is seen (Figure 2.8). On a cumulative frequency graph a steep gradient is
initially observed with a decrease in gradient seen as bed thickness increases (Figure
2.8). This demonstrates that there are a high percentage of thin beds compared to
thick beds with unit frequency decreasing as bed thickness increases. A sharp planar
base is common (80.3%) with only a small proportion (19.7%) of beds possessing
an erosional base. With the exception of one lens shaped bed, all beds within this
facies have a tabular geometry, which can be traced for up to 30 metres laterally. A
termination type was not able to be determined due to exposure limitations.
Figure 2.8: Histogram for facies Sw bed thickness.
Sedimentary structures
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Figure 2.9:
Wave-ripple lamination
in cross-section
The dominant sedimentary structure, defining this facies, is symmetrical ripple-
lamination, an example of which can be seen in Figure 2.9. Within two beds the
symmetrical ripple-lamination is present within small (5cm high, 10cm wide) lenticu-
lar sandstones that are surrounded by structureless mudstones. Small scale, less than
3mm thick, mud drapes can be observed on top of a small portion of symmetrical
ripples. Other sedimentary structures such as horizontal-lamination and asymmet-
rical ripple-lamination are also found in beds within this facies but only as minor
constituents of the beds. Soft sediment deformation was present in the form of small
(40cm deep, 30cm wide) depressions.
Trace fossils/fossils
Bioturbation, from minor to intense, can be present. Well defined burrows present
were interpreted to be Coleoptera: Staphylinidae burrows (see Section 2.3).
Interpretation
The symmetrical morphology of the ripple marks match the description given by
Allen (1984), for wave ripple-lamination. These structures are formed as a result of
an oscillatory motion occurring within the water column (Bagnold & Taylor, 1946).
The abundance of wave ripples within the very fine to fine sand range indicates that a
relatively low wave energy regime existed, which is further backed up by McKee (1965)
who concluded that weaker wave movement favours the development of symmetrical
ripple-laminations, but above the threshold needed to move sediment. The presence
of thin mud drapes over some of the wave ripples suggests on rare occasions flow
velocity dropped low enough for the settling of mud to occur. The existence of
current ripple-lamination and horizontal-lamination within the beds indicates that
at times flow was dominantly in one direction. However, as these structures form
only a small part of the bed, this dominance was short lived in comparison to the
even oscillatory motion.
In the case of the two beds that have symmetrical ripple-lamination within lentic-
ular sands that are incased within muds, a slightly different set of processes were oc-
curring. The dominance of mud sized material suggests that, throughout deposition
of these beds, settling from suspension processes was occurring within either waning
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flows or standing water conditions to allow the deposition of such fine grained mate-
rial (Hampton & Horton, 2007). However, the presence of lenticular-lamination sug-
gests there were periods in time in which current activity delivered and subsequently
deposited sand sized grains with the presence of symmetrical ripple-lamination indi-
cating an oscillatory motion occurred within the water column.
Normal grading within some of the beds suggests that there was either a decrease
in velocity through time or a reduction in sediment supply, with inverse grading
suggesting the opposite. The soft sediment deformation present within this facies is
interpreted to be dinoturbation (see Section 2.3 for description and interpretation).
The presence of both dinoturbation and trace fossils indicates that this environment
was able to support organisms, the details of which will be covered in Section 2.3.
The presence of an erosional base indicates that flow was strong enough to erode
into pre-existing deposits before deposition, whereas a sharp planar lower contact
indicates deposition straight onto previous deposits without any significant incision
occurring.
2.2.4 Planar cross-bedded sandstone and conglomerate fa-
cies (Sp)
Lithology
This facies is composed of sediment that ranges in grain size from fine sand to
granule, with an average grain size of coarse sand being calculated. Normal grading is
common with 50% of beds displaying it. The sediment is moderately sorted and grains
are sub-angular to sub-rounded in nature. Mud clasts can be found either throughout
the beds, or at times concentrated at the base. A gravel lag is not common, being
observed within 14.3% of beds. The beds within this facies commonly have a pale-
yellow to brown colouration.
Bed geometry
Bed thickness ranges from 35cm to 2.4m, with an average thickness of 1.09m.
When bed thickness data is plotted in a histogram, a uniform distribution of bed
thicknesses is seen (Figure 2.10), with 7 bins (each bin representing a 5cm interval
for bed thickness) having one bed present. However, there is no particular trend as to
which interval beds are found on the histogram. When data is plotted as a cumulative
frequency curve, the curve has a stepped shape, with the steps not having a uniform
stepping rate (Figure 2.10). A sharp planar base or an erosional base is observed.
The beds within this facies have either a tabular geometry or can be part of a larger
scale sandstone complex, within which the beds are cross-cut by other beds.
Sedimentary structures
Planar cross-bedding is the dominant sedimentary structure within this facies,
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Figure 2.10: Histogram for facies Sp bed thickness.
with the cross-sets having a straight inclined shape, terminating at a sharp horizon-
tal base (Figure 2.11). Cross-set thickness ranges from 8cm to 70 cm. Horizontal-
lamination is observed in a small percentage (14.3%) of beds; however, they form
only a minor portion of the beds when present.
Figure 2.11: Planar cross-bedding in cross-section. Flow is from left to right.
Trace fossils/fossils
No bioturbation was present.
Interpretation
The presence of cross-bedding suggests that deposition of sediments occurred from
bedload in which flow was unidirectional and within the lower flow regime. Based on
the classification described by McKee & Weir (1953), the cross-bedding present can
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be termed tabular cross-bedding due to the asymmetric, straight, tabular nature of
cross-strata and are thus interpreted to have been formed by the migration of straight-
crested dunes or small scale bars (Collinson, 1996). Reactivation surfaces, such as
those noted by Collinson (1970) and Ghazi & Mountney (2009) were not noted within
this facies and thus the tabular cross-sets observed within this facies were deposited
in a relatively steady, continuous, homogenous flow within the lower flow regime. As
discussed within Section 2.2.2, the presence of horizontal-lamination could represent
deposition either within lower or upper flow regime currents, thus indicating that
there were either increases or decreases in flow velocity during periods of deposition.
Normal grading within some of the beds suggests that there was either a decrease
in velocity through time or a reduction in sediment supply, with inverse grading
suggesting the opposite. The presence of an erosional base shows that flow was strong
enough to erode into pre-existing deposits, whereas a sharp lower contact indicates
deposition onto previous deposits with minimal incision occurring.
2.2.5 Trough cross-bedded sandstone and conglomerate fa-
cies (St)
Lithology
The trough cross-bedded facies is composed of sediment that ranges in grain
size from silt to pebble, with an average of coarse sand being calculated. Normal and
inverse grading can occur within this facies. Individual grains range in roundness from
angular to sub-angular. Coarser grained sediments are sometimes found accumulated
together forming lenses or wedges with internal low and high angle stratification
(Figure 2.13A). In these situations the sand to conglomerate ratio ranges from 90:10
to 10:90. The gravel sized material is composed of sand intraclasts, quartz grains
and chert. Silt is present as mud drapes over sand to conglomerate sized material,
or can be present as small (maximum 2m width) lenses. In these situations the sand
to mud ratio ranges from 70:30 to 90:10. The sediment within this facies is mainly
poorly sorted, but can be moderately sorted in some places. Beds that are poorly
sorted within this facies contain coarser material, often composed of chert and mud
clasts, either floating within the bed or more commonly lining cross-sets, as seen in
2.13B. Gravel lags and mud clasts are commonly on top of basal boundaries. The
beds within this facies are pale-yellow, yellow-brown and white, but can also be red.
Bed geometry
Bed thickness ranges from 5cm to 26.9m, with an average thickness of 2.54m.
When bed thickness data is plotted on a histogram a positive skew is seen, but to a
lesser degree when compared to other facies (Figure 2.12). On a cumulative frequency
graph a steep gradient is initially observed with a gradual decrease in gradient seen
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as bed thickness increases (Figure 2.12). This demonstrates that there is a high
percentage of thin beds compared to thick beds with unit frequency decreasing as
bed thickness increases. 74.8% of beds have an erosional base with the remainder of
beds possessing a sharp planar base when the basal boundary was able to be observed.
The beds within this facies have either a lens geometry which can range in thickness
from 40cm to 7m deep to 15m wide, or a tabular geometry, or can be within a large
sandstone complex, within which a definitive geometry for individual beds is hard to
define due to other beds eroding into and cross-cutting the beds.
Figure 2.12: Histogram for facies St bed thickness.
Sedimentary structures
Cross-bedding is the dominant sedimentary structure present, the base of which is
predominately trough shaped and commonly eroding into other cross-sets below. The
cross-sets are often accentuated by mudclasts and coarser material lining the cross-
sets (Figure 2.13B). The average cross-set thickness is 43.9cm. Cross-set width ranges
from 1m to 20m. The cross-beds can vary in size within individual beds and sandstone
bodies. Other cross-beds are present but have a sharp, planar lower boundary with
sets being planar in nature; however, these sets form only a minor percentage (2.2%)
of the cross-sets present. Other sedimentary structures that are present in minor
amounts are asymmetrical climbing ripple-lamination (Figure 2.14), asymmetrical
ripple-lamination, horizontal-lamination and symmetrical ripple-lamination. Lateral
accretion surfaces can also be identified as being present in a small number of beds,
with mud drapes often aiding the identification of these surfaces. Lens shaped mud
deposits are often associated with these surfaces. Soft sediment deformation, in
various forms, is observed within this facies, as can be seen in Figure 2.15. The first
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Figure 2.13: A - Internal stratification within a bed assigned to St facies. B -
Trough cross-sets lined with gravel and mudclasts. Flow is from right to left
Figure 2.14: Climbing
ripple-lamination
(Figure 2.15A) is an example of convolute bedding, which shows a fold structure
which has a very gentle and shallow anticline geometry. A dome structure is also
observed within the beds, which is slightly more chaotic in nature (Figure 2.15B).
Another form of deformation is observed within the beds (Figure 2.15C), in which a
gentle dome structure and depression is observed.
Trace fossils/fossils
Fragments of wood were found in some beds within this facies, and in one case, a
3.4m high and 1.5m wide in-situ tree trunk was noted. Vertebrate bones are rarely
found. Bioturbation is present within this bed with a moderate intensity being ob-
served. Burrows present are interpreted as being formed by Coleoptera:Staphylinidae,
Steinichnus, Coprinisphaera, Cylindrichum, insect larvae and digger wasps (Hy-
menoptera: Sphecidae) (Hasiotis, 2004). Adhesive Meniscate Burrows were also
identified within this facies. Detailed descriptions of burrow morphology and in-
terpretations of the tracemaker responsible for the burrows found can be found in
Section 2.3.
Interpretation
The presence of trough cross-bedding indicates deposition from bedload as a result
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Figure 2.15: A- Convolute lamination. B - Water escape structures. C -
Deformation as a result of shearing. Shear direction from left to right.
of migrating sinuous dunes within a unidirectional current within the lower flow
regime (Miall, 1977). The presence of ripple-lamination and planar cross-bedding
also supports this interpretation (see Sections 2.2.1 and 2.2.4). Stacked asymmetrical
ripple-lamination has been interpreted to be climbing ripple-lamination (Allen, 1971),
demonstrating that during some stages of deposition net aggradation of sand was
outpacing the migration rate of ripples, resulting in the preservation of the stoss side
of the ripple. Flow is interpreted to have been dynamic, increasing or decreasing
in velocity as indicated by the presence of horizontal-lamination (Section 2.2.2), or
switching to an oscillatory motion as indicated by the presence of symmetrical ripple-
lamination (Section 2.2.3). Normal and inverse grading suggest that flow velocity did
increase in the case of inverse grading, or, decrease, in the case of normal grading,
during the deposition of some beds.
Lateral accretion surfaces represent migrating point bars (Allen, 1964b). The
presence of mud drapes on the inclined sandy surfaces help aid the identification of
these surfaces, and appear similar in nature to fluvial point bar deposits described by
Smith (1987a). The mud drapes represent deposition under lower discharge condi-
tions when flow velocity was low enough to allow mud to be deposited from suspen-
sion. Small lens shaped mud deposits are also associated with the lateral accretion
surfaces and represent small chute channels that were present on the point bar and
have subsequently been filled by mud (Collinson, 1996). These deposits are similar
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in nature to point bars described by Jordon & Pryor (1992). Larger scale cross-beds
which have a low angle of dip are interpreted to also represent a bar deposit (Smith,
1970), as has the lens shaped sediment accumulations, which is interpreted to rep-
resent a cross-sectional view through a mid-channel bar. A three-dimensional view
of the bar forms was not always able to be seen, making identification of bar type
difficult. However, based on descriptions of different bar types given by Smith (1974)
and Hein & Walker (1977), it is believed that longitudinal bar forms were present, as
indicated by the presence of poorly defined low angle cross-stratification, as well as
transverse bars, as indicated by well displayed, high angle cross-stratification.
Soft sediment deformation present within this facies has been interpreted to be
convolute lamination, with several causes of deformation being identified. It is be-
lieved that in the case of Figure 2.15A, loading is responsible for the deformation
observed, as it is similar in form to deformation described and produced by McKee
et al. (n.d.). The cause of loading could not be identified. It is not thought that
dinosaurs were responsible as no characteristic dinoturbation features, outlined in
Section 2.3, were able to be identified. One possibility could be loading of subse-
quent deposits. In the case of Figure 2.15B, it is suspected that these are small scale
water escape structures, as indicated by the sharp anticline shape shown (Collinson,
1994). The cause of deformation in Figure 2.15C, has been attributed to shearing
of the bed, as the structures present are similar in form to structures described by
Sanders (1965), who described their origin as being the result of shearing currents in
the channel above.
The dominance of an erosional lower boundary on most of the beds within this
facies indicates flow was more often than not high enough in velocity to erode into
pre-existing deposits, whereas sharp planar contacts indicate deposition onto previous
deposits with minimal incision occurring.
As demonstrated by the range of sedimentary structures present, presence of
inverse and normal grading and general poor sorting of the sediments, it can be
concluded that flow velocity fluctuated throughout deposition of this facies. However,
the dominance of trough cross-bedding suggests that flow was largely unidirectional
within the lower flow regime.
Well sorted trough cross-bedded sandstone subfacies (St 1)
Lithology
This subfacies shares some of the characteristics of the trough cross-bedded sand-
stone and conglomerate facies, but varies in that the sediment within this facies is
well sorted, with all but two beds being composed of medium sand. The beds are
orange-yellow.
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Bed geometry
Bed thickness ranges from 50cm to 54m, with an average thickness of 13.9m being
calculated. When bed thickness data is plotted in a histogram, a uniform distribution
of bed thicknesses is generally seen, with one peak in frequency being observed for
1m bin size, giving the illusion of a positive skew (Figure 2.16). When data is plotted
as a cumulative frequency curve, the curve has a stepped shape, as with the curve
observed for Sp facies, however, an initial slightly steeper gradient is observed (Figure
2.16). The beds within this facies always have a tabular geometry, possess a sharp
lower boundary and are often laterally extensive for tens of kilometres.
Figure 2.16: Histogram for facies St1 bed thickness.
Sedimentary structures
Trough cross-bedding is still the dominant sedimentary structure with asymmet-
rical ripple-lamination also being noted as a minor component of a small percentage
of beds. The cross-sets have generally a high angle of dip (30◦) and can be up to
15m thick, being comparably larger than the cross-sets in the St facies (Figure 3.14).
Convolute lamination in the form of gentle anticlines is observed in some of the beds
(Figure 2.17).
Trace fossils/fossils
No bioturbation was found.
Interpretation
The combined characteristics of well sorted medium sand and presence of high
angle large scale trough cross-bedding, indicate that these deposits were the prod-
uct of aeolian processes (McKee, 1966). Due to the nature of deposition of aeolian
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Figure 2.17: A- Avalanche structures. B - Interpretations of deformation
structures present.
sands, soft sediment deformation structures are unsurprisingly seen. The structures
described in the above section appear to be similar in nature to the gentle folds (or
warps) described by McKee et al. (1971), formed by avalanching on the lee slope of
the dunes. The sharp planar base observed on all of the beds within this facies is
probably the result of the dunes being deposited on and migrating over a relatively
flat surface (Reineck & Singh, 1973).
2.2.6 Massive sandstone to conglomerate facies (Ss)
Lithology
The beds within the massive sandstone to conglomerate facies are composed of
sediment that ranges in grain size from clay to granule, with an average grain size
of fine sand being calculated. Inverse and normal grading is sometimes present and
it is within these beds that clay sized sediment can be seen. The sediments are
poorly to moderately sorted with individual grains being sub-angular to sub-rounded
in nature. Some of the beds are poorly sorted and have mud clasts, floating coarser
grains or gypsum clasts present. Nodules occur in some beds and are composed of
chert, gypsum or calcium carbonate. The beds are mostly a pale-yellow colouration;
however, shades of red and green are also present within some beds along with various
coloured mottling spots.
Bed geometry
Bed thicknesses ranges from 1cm to 6.6m, with an average thickness of 28.6cm
being calculated. When bed thickness data is plotted on a histogram a strong positive
skew is seen (Figure 2.18). On a cumulative frequency graph a steep gradient is
initially observed with a decrease in gradient seen as bed thickness increases (Figure
2.18). This demonstrates that there are a high percentage of thin beds compared to
thick beds with unit frequency decreasing as bed thickness increases. 63.7% of beds
posses a sharp planar base, with the remainder having an erosional lower boundary.
The beds within this facies can have either a lens geometry, a tabular geometry or
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can be part of a large sandstone complex, within which a definitive geometry for
individual beds is hard to define due to other beds eroding into and cross-cutting the
beds.
Figure 2.18: Histogram for facies Ss bed thickness.
Sedimentary structures
The beds within this facies contain no depositional structures apart from some
lateral accretion surfaces. The soft sediment deformation can be seen in three different
forms within this facies; as a chaotic mass in which a 90◦ fold is observed (Figure
2.19A), as slightly chaotic sharp anticlines (Figure 2.19C) and as chaotic depressions.
Trace fossils/fossils
Some beds within this facies contain minor bioturbation. In one case, silica shell
fragments were found disarticulated and randomly orientated throughout the bed,
and are speculatively interpreted to be disarticulated bivalve shells based on the
identification of possible growth bands. Burrows present interpreted to be formed
by Coleoptera:Staphylinidae, Camborygma, Scoyenia, digger wasps (Hymenoptera:
Sphecidae) and Steinichnus. Adhesive Meniscate Burrows were also identified within
this facies. For full descriptions and interpretations of trace fossils see Section2.3.
Interpretation
Massive, structureless beds can be the product of two different processes, as noted
by Nichols & Cantrill (2002). Massive beds can be firstly created through the rapid
deposition of sediment, possibly as a result of rapid flow deceleration, where the
sediment is deposited so rapidly that structures do not have time to form. This
could be one feasible option for this facies as some of the beds are relatively poorly
sorted, suggesting rapid deposition. Another way in which massive beds can be
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Figure 2.19: A- Chaotic 90◦ fold .B - Interpretations of structures within chaotic
90◦ fold.C - Water escape structures.D- Interpretation of water escape structures.
formed is through the destruction of previously laid down structures, which Jones
& Rust (1983) suggest as the cause of the lack of sedimentary structures present in
the Hawkesbury Sandstone. Processes that have the potential to destroy primary
sedimentary structures such as bioturbation, convolute lamination, dinoturbation
and palaeosol development occur within some of the beds in this facies. Normal and
inverse grading indicate changing flow velocities through time, either decreasing in
velocity to produce normal grading, or increasing in velocity through time to produce
inverse grading. The lateral accretion surfaces seen within some of the beds in this
facies have been interpreted to represent migrating point bars (Allen, 1964b).
Three forms of soft sediment deformation are seen within this facies. For the first
form of deformation, illustrated in Figure 2.19A, slumping is thought to be the cause
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of deformation, due to the deposit having similar characteristics to slump deposits
described and illustrated by Allen (1984). Similarities include the presence of an
inclined surface, overturned strata and slight erosional base. Images and descriptions
given by Lowe (1975) for deformation as a result of upward movement of fluid are
similar in characteristic to the deformation seen in Figure 2.19C, and thus is inter-
preted to be the second cause of deformation within this facies. The third form of
deformation is interpreted to be dinoturbation which is discussed in Section 2.3.
The presence of nodules and mottling spots suggests that pedogenic alteration of
some of the beds occurred, again having the potential to destroy primary structures
(Retallack, 2001). Pedogenic alteration of beds will be discussed in detail in Section
2.4. Organisms were clearly present within the environment of deposition as indi-
cated by the presence of bioturbation, burrows, silica shells and dinoturbation, the
significance of which will be discussed in Section 2.3. The presence of an erosional
base shows that flow was strong enough to erode into pre-existing deposits, whereas a
sharp lower contact indicates deposition onto previous deposits with minimal incision
occurring.
2.2.7 Heterolithic horizontally laminated sandstone and mud-
stone facies (Hh)
Lithology
The beds within this facies are composed of sediment that range in size from silt-
clay to very fine-fine sand, with an average grain size of silt. The mudstone:sandstone
ratio ranges from 90:10 to 10:90, with 95% of beds having a mudstone:sandstone ratio
of 90:10. The sediments are moderately sorted and are sub-angular to sub-rounded
in nature. The beds within this facies are variable in colour being shades of browns,
greens and reds with green, white, red and purple mottling spots present in places.
Bed geometry
Bed thickness ranges from 5cm to 2.9m, with an average bed thickness of 60.3cm
being calculated. When bed thickness data is plotted on a histogram a positive skew
is seen, but to a lesser degree when compared to other facies (Figure 2.20). On
a cumulative frequency graph a steep gradient is initially observed with a gradual
decrease in gradient seen as bed thickness increases but this decrease has a gentler
gradient than other facies (Figure 2.20). This demonstrates that there are a high
percentage of thin compared to thick beds with unit frequency decreasing as bed
thickness increases. A sharp lower boundary is observed in 90% of the beds within
this facies, with 5% of beds having a gradational lower boundary with the bed below
and 5% having an erosional base. The beds commonly have a tabular geometry with
sandy facies, such as the St facies, often cross cutting beds assigned to the Hh facies.
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Figure 2.20: Histogram for facies Hh bed thickness.
Sedimentary structures
Horizontal-lamination is the dominant sedimentary structure present. In the mud
dominated beds, the sandstone is structureless and present as lenticular lamination,
where small (no greater than 10cm in length) sandstone stringers occur (Figure 2.21).
In the sandstone dominated beds, the mudstone is present as flaser lamination, usu-
ally as long thin mud drapes over slight sandstone perturbations. Soft sediment
deformation in the form of small chaotic depressions is observed within this facies.
Figure 2.21: A- Sandstone stringers within Hh facies.B - Presence of sandstone
stringers
Trace fossils/fossils
Minor to intense bioturbation occurs in some of the beds within this facies. Root
structures in the form of rhizoliths were noted in 5% of beds.
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Interpretation
Within the mud dominated beds, the presence of horizontal-lamination within
mud sized sediments indicates that settling from suspension processes was occurring
from either weak currents or still water (Potter et al., 2005). The laminae are pro-
duced as a result of repeated variance in sediment supply with changes in grain size
defining the lamination (Potter et al., 2005). As discussed by Reineck & Singh (1973),
lenticular lamination is the result of a mixed energy environment where current activ-
ity delivers and deposits sand sized material, with subsequent slack periods allowing
the deposition of mud. The horizontally laminated sand dominated beds with flaser
lamination, could represent either lower flow-regime or upper flow regime currents,
as discussed within Section 2.2.2, that intermittently decreased in velocity enough
for mud to settle out and form flaser lamination. The differing mud:sand ratios give
an indication of how dominant settling from suspension activity was to current ac-
tivity, and in the case of 95% of beds it is clear that settling from suspension was the
dominant process.
The small chaotic depressions are interpreted to be dinoturbation (see Section
2.3). The presence of bioturbation and dinoturbation suggests that organisms were
able to be supported in this environment, the details of which are described and
discussed within Section 2.3. The presence of rhizoliths and coloured mottling spots
indicates that pedogenic processes were occurring, the details of which are discussed
in Section 2.4. A sharp lower boundary indicates there was deposition onto previous
deposits with no significant erosion occurring, whereas an erosional base indicates
that there was, in the case of 5% of beds, erosion into the bed below. A gradational
boundary indicates that there was continual sedimentation from the bed below into
the bed described.
2.2.8 Heterolithic structureless mudstone and sandstone fa-
cies (Hs)
Lithology
The beds within this facies are composed of sediment that ranges in grain size
from clay-silt to fine sand, with an average grain size of silt being calculated. Normal
grading is rare within this facies. The beds within this facies are heterolithic with
mudstone:sandstone ratio ranges from 50:50 to 90:10. The sediments within this
facies are generally moderately sorted with individual grains being sub-rounded to
sub-angular. The beds are a range of colours including different shades of red, green,
grey and brown.
Bed geometry
Bed thicknesses range from 10cm to 3m, with an average bed thickness of 71.1cm
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being calculated. When bed thickness data is plotted a positive skew, but to a lesser
degree than other facies such as Sr, is observed (Figure 2.22). On a cumulative
frequency graph a uniform distribution is initially observed with a gradual decrease
in gradient seen as bed thickness increases but this decrease has a gentler gradient
and is more gradual than other facies (Figure 2.22). 91.3% of beds have a sharp
planar base with the remainder having an erosional base. All of the beds have a
tabular geometry.
Figure 2.22: Histogram for facies Hs bed thickness.
Sedimentary structures
The beds within this facies do not contain any recognisable sedimentary struc-
tures. The sand is present as lenticular lamination, within which no sedimentary
structures are visible. No sedimentary structures could be identified within the muddy
portion of the beds, with the beds appearing massive. Soft sediment deformation in
the form of small chaotic depressions, was observed in one bed.
Trace fossils/fossils
Intense bioturbation was present within one bed in this facies. Calcrete nodules
were visible in 13% of beds, with 8.7% of beds showing green coloured mottling.
Interpretation
The range of grain sizes present within this facies suggests that flow velocity
fluctuated through time. The presence of muds suggests that settling from suspen-
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sion processes were occurring from either waning flow conditions or from still water
(Hampton & Horton, 2007). One possibility for the lack of structures within the mud
portion of this facies could be due to continual steady deposition of a uniform grain
size within slack water. The presence of coarser, sand sized material suggests there
were periods in which higher energy currents were transporting and depositing the
sand. Due to the lack of sedimentary structures observed within the sands, the mode
of transportation could not be identified; however, the fine sand grain size implies a
relatively low flow velocity was responsible for the lenticular laminations observed.
The small chaotic depression is interpreted to be dinoturbation (see Section 2.3).
Deformation of sedimentary structures can also lead to the formation of structure-
less beds. The presence of calcrete nodules and coloured mottles indicate pedogenic
processes was occurring. Pedogenic processes have the potential to destroy any pre-
viously formed sedimentary structures and could be the reason behind the lack of
structures (Retallack, 2001). However, this may be the case in only a few beds as
palaeosol development is only present within 21.7% of beds. Organisms could also
be responsible for the lack of structures observed; however, only one bed was noted
to have bioturbation present. It is therefore concluded that steady deposition of a
uniform grain size is the primary cause for the lack of structures in beds with a uni-
form grainsize, with processes such as bioturbation and pedogenesis being the cause
within a few beds when present.
A sharp lower boundary indicates there was deposition onto previously laid de-
posits with no significant incision occurring.
2.2.9 Horizontally laminated mudstone facies (Mh)
Lithology
The beds within this facies are composed of sediment that ranges in grain size from
clay to silt-very fine sand, with an average grain size of silt being calculated. Normal
grading is present in only 0.2% of beds. The sediments are generally moderately
sorted with individual grains being sub-rounded to sub-angular in nature. The beds
can be shades of red, green, grey, brown and purple with purple, green, white or grey
mottling being present in 5.6% of beds.
Bed geometry
Bed thickness ranges from 2cm to 1.8m, with an average thickness of 22.9cm.
When bed thickness data is plotted on a histogram a strong positive skew is seen
(Figure 2.23). On a cumulative frequency graph a steep gradient is initially observed
with a decrease in gradient seen as bed thickness increases (Figure 2.23). This demon-
strates that there is a high percentage of thin beds compared to thick beds with unit
frequency decreasing as bed thickness increases. All of the beds within this facies
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have a tabular geometry. Lateral termination of the beds could not always be seen
due to exposure quality, however, on rare occasions, laterally it was clear that the
beds were eroded into and cut off by beds above, which commonly were beds of the
St facies. 96.9% of beds have a sharp planar boundary with all other beds, when the
basal boundary was visible having a either a gradational boundary or an erosional
base in the case of one bed.
Figure 2.23: Histogram for facies Mh bed thickness.
Sedimentary structures
The dominant sedimentary structure within this facies is horizontal-lamination,
with individual laminae being no thicker than 5mm (Figure 2.24A). Mudcracks can
be observed in places, an example of which can be seen in Figure 2.24B. The desicca-
tion cracks within this facies have a V-shaped cross-sectional shape, which has been
subsequently filled with very fine sand (Figure 2.24A). The cracks extend downward
for up to 2cm, with the polygons having four sides and a width of no more than 5cm
(Figure 2.24B). A load cast, which has a bulbous shape and extends for up to 2m
across and 1m deep, was found within one bed in this facies.
Trace fossils/fossils
Root structures, most commonly in the form of rhizoliths are observed within
this facies. Calcrete nodules are observed within 1.1% of beds. Adhesive Meniscate
Burrows, burrows formed by Camborygma, and minor bioturbation is observed within
this facies. A full description and interpretation of these features can be found in
Section 2.3.
Interpretation
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Figure 2.24: A- Horizontal lamination within Mh facies with a cross-sectional
view of mudcracks also being observed.B - Plan view of mudcracks.
The presence of horizontal-lamination within mud grade sized sediments indicates
that settling from suspension processes was occurring from either weak currents or
still water (Potter et al., 2005). The laminae are produced as a result of repeated
variance in sediment supply with changes in grain size defining the lamination (Pot-
ter et al., 2005). Normal grading represents a decrease in transport capacity through
time, indicating that flow velocity within this facies was not always uniform in veloc-
ity.
The presence of desiccation cracks indicates that, post deposition, the muds were
experiencing a decrease in moisture content due to subaerial exposure (Allen, 1984),
forming desiccation cracks, which was later filled with sand that was transported by
either wind or water. The load cast present within one bed of this facies is interpreted
to be the result of the overlying, denser, St bed sinking into the muddy, weaker Mh
facies.
The high percentage of beds possessing a sharp lower boundary indicates that
most of the time there was direct deposition onto previously laid deposits with no
significant erosion occurring. A gradational boundary indicates that there was con-
tinual sedimentation from the bed below into the bed described. Rare erosional
bases are likely to be the result of previous flows eroding into the bed below, with
subsequent mud depositing from weaker currents.
2.2.10 Wave rippled silty mudstone facies (Mw)
Lithology
The wave rippled silty mudstone facies has a small grain size variation from clay-
silt to silt with an average grain size of silt. The sediments are moderately sorted
with individual grains being sub-rounded in nature. All of the beds are red.
Bed geometry
Bed thickness ranges from 15cm to 75cm, with an average bed thickness of 51cm.
When bed thickness data is plotted in a histogram a uniform distribution of bed
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thicknesses is seen with 7 bins (each bin representing a 5cm interval for bed thickness)
having one bed present (Figure 2.25). There appears to be no trend as to which bed
thickness intervals are filled. When data is plotted as a cumulative frequency curve,
the curve has a stepped shape, with the steps not having a uniform pattern (Figure
2.25). All of the beds in this facies have a sharp lower boundary and a tabular
geometry.
Figure 2.25: Histogram for facies Mw bed thickness.
Sedimentary structures
Symmetrical ripple-lamination is the dominant sedimentary structure observed
within this facies and is present within the silt portion of the bed. Horizontal-
lamination is observed in 40% of beds within this facies but is only present in a
small portion of the bed in each case.
Trace fossils/fossils
No trace fossils or bioturbation was found.
Interpretation
The symmetrical ripple-lamination has been interpreted to be wave ripple-lamination,
based on the morphological description given by Allen (1984). Symmetrical wave
ripple-lamination was formed under oscillatory flow conditions in which flow velocity
and strength were equal in both directions McKee (1965). The oscillatory motion
present must have been relatively low in energy for the deposition of mud sized grains
to occur. The minor presence of horizontal-lamination indicates that for short inter-
vals of deposition, deposition from an oscillatory motion stopped and settling from
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suspension processes from weak currents or still water occurred, with a variation in
sediment supply and grain size producing the individual laminae (Potter et al., 2005).
The presence of a sharp lower boundary on all of the beds in this facies indicates
direct deposition onto the beds below without any significant erosion occurring.
2.2.11 Structureless mudstone facies (Ms)
Lithology
The beds within this facies are composed of sediment that ranges in grain size from
clay to fine sand, with an average grain size of silt. The fine sand is only present at
the top of coarsening-up units. The sediments are moderately sorted with individual
grains being sub-rounded to sub-angular in nature. Floating coarse sand grains were
sometimes found within the beds. Calcrete, gypsum and pink chert nodules were
found within some beds of this facies, the details and interpretations of which will be
discussed in Section 2.4. The beds can have a range of colours including red, green,
grey, brown and purple, with white, purple, green and red mottling observed in a
small number of beds.
Bed geometry
Bed thickness ranges from 1cm to 16.3m, with an average bed thickness of 52.7cm
being calculated. When bed thickness data is plotted on a histogram a strong positive
skew is seen (Figure 2.26). On a cumulative frequency graph a steep gradient is
initially observed with a decrease in gradient seen as bed thickness increases (Figure
2.26) This demonstrates that there are a high percentage of thin beds compared
to thick beds with unit frequency decreasing as bed thickness increases. The beds
within this facies can be laterally traced for up to 30m, and when traced a tabular
geometry could be identified. Incision from the beds above sometimes laterally cut
off the beds. 96.6% of beds have a sharp planar base, with all other beds, when the
basal boundary was visible having a either a gradational boundary or an erosional
base in the case of one bed.
Sedimentary structures
No sedimentary structures were found within the beds of this facies with only
convolute lamination being observed in some beds. As seen in Figure 2.27, the
sediments have been deformed into a series of open anticlines and synclines, which
tilt in one direction.
Trace fossils/fossils
Root structures, usually in the form of rhizoliths, were also found within a small
portion (1.2%) of beds within this facies, which are discussed further in Section
2.4. Adhesive Meniscate Burrows, mammal burrow systems, burrows formed by
Camborygma and minor to intense bioturbation is observed within this facies, a full
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Figure 2.26: Histogram for facies Ms bed thickness.
description and interpretation of which can be found in Section 2.3.
Interpretation
The fine mud sized grain size of this facies implies that settling from suspension
processes were occurring. The lack of sedimentary structures, as discussed in Section
2.2.6, could be due to either a continual steady deposition of a uniform grain size
or be due to the destruction of primary structures. A number of processes, such
as pedogenesis, bioturbation and soft sediment deformation could be responsible for
destroying primary structures. It is believed that shearing of the bed above has
led to the formation of convolute lamination within this facies, as indicated by the
uni-directional appearance of the folds (Figure 2.27) (Sanders, 1965). One factor
that has to be taken into consideration with this facies is exposure quality. Modern
day weathering processes could be responsible for either obscuring or destroying any
sedimentary structures that are present. This seems to be especially true for mud rich
facies as they appear to be more prone to weathering processes when compared to the
sand bearing facies within the study area. No one factor that can destroy sedimentary
structures is ubiquitous throughout this facies. It is largely bed dependent as to which
factor is behind the reason for the lack of sedimentary structures.
The high percentage of beds possessing a sharp lower boundary indicates that
most of the time there was direct deposition onto previously laid deposits with no
significant erosion occurring. A gradational boundary indicates that there was con-
tinual sedimentation from the bed below into the bed described. Rare erosional
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Figure 2.27: A- Horizontal deformation structure.B - Interpretation of features
within deformation structure. Note tape measure for scale in both images.
bases are likely to be the result of previous flows eroding into the bed below, with
subsequent mud deposition in weaker currents.
2.2.12 Gypsum facies (G)
Lithology
The beds within this facies are composed of both anhydrite and gypsum crystals
that range in size from less than 0.5mm to 10cm in length. 91.5% of beds are com-
posed of crystals that are the equivalent to silt in size. A very minor amount (less
than 5% of the bed) of terrigenous silt is sometimes observed. The beds are often a
dull white colour, with pink chalcedony nodules being present within some beds.
Bed geometry
Bed thickness ranges from 5cm to 2.1m with an average thickness of 32.5cm.
When bed thickness data is plotted on a histogram a positive skew, similar to Mh
facies, is seen (Figure 2.28). On a cumulative frequency graph a steep gradient is
initially observed with a gradual decrease in gradient seen as bed thickness increases
but this decrease has a gentler gradient and is more gradual than other facies such
as Sr (Figure 2.28). This demonstrates that there are a high percentage of thin beds
compared to thick beds with unit frequency decreasing as bed thickness increases.
All of the beds within this facies have a tabular geometry and a sharp irregular lower
boundary.
Sedimentary structures
The beds are usually massive in nature, rarely displaying structures such as
horizontal-lamination. Within some of the beds nodules have coalesced to form an
enterolithic texture (Figure 2.29A). On very rare occasions the crystals form a bladed
texture (Figure 2.29B).
Trace fossils/fossils
No trace fossils or fossils were found.
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Figure 2.28: Histogram for facies G bed thickness.
Interpretation
The presence of gypsum indicates that precipitation processes from solar concen-
trated brines were occurring. Horizontal-lamination is thought to represent different
precipitation episodes. The bladed to chevron crystal morphology (Figure 2.29) dis-
played within some of the beds represents primary deposition of gypsum through
bottom nucleation processes (Warren, 1999).
The enterolithic nodular texture of the anhydrite beds (Figure 2.29) implies that
these deposits have undergone secondary alteration. As described by Dean et al.
(1975), nodular anhydrite is reported to form through a number of subtly different
processes, but with a general consensus in the literature that they form as a result of
evaporation processes occurring due to subaerial exposure of soft sediment. Warren
(1999), attributes their formation to a process whereby new crystal laths grow in
between older crystal laths within the shallow subsurface phreatic zone. The new
crystals subsequently push the older laths outwards, and when this processes is re-
peated the nodules form and grow. With continued saturation of calcium sulphate,
these nodules grow and coalesce to form an enterolithic texture, and subsequently
alter the beds observed within this facies (Warren, 1999).
It is believed that this facies is the product of a mixture of primary depositional
processes and secondary processes such as the dehydration and re-hydration of gyp-
sum and anhydrite.
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Figure 2.29: A- Image showing enterolithic texture seen in the G facies.B - Image
showing tilted bladed structure sporadically observed within the G facies.
2.2.13 Carbonate Wackestone facies (CW)
Lithology
The beds within this facies are composed of fine grained material that was too fine
to identify with a hand lens. Under thin section it is clear that the bulk of the rock is
composed of micrite, the individual grains of which were still not able to be identified
under a X60 magnification, further supporting the interpretation of the matrix being
composed of micrite. Sub-rounded to well-rounded quartz grains are present within
the slides to varying degrees, making up 20% to 50% of the bulk composition, as can
be seen in Figure 2.32A and B. All of the beds within this facies, apart from the beds
at Durango which are green-turquoise, are grey.
Bed geometry
Bed thickness ranges from 1cm to 1.2m, with an average thickness of 21.2cm.
When bed thickness data is plotted on a histogram a positive skew is seen, but
to a lesser degree when compared to other facies (Figure 2.30). On a cumulative
frequency graph a steep gradient is initially observed with a gradual decrease in
gradient seen as bed thickness increases but this decrease has a gentler gradient and
is more gradual than other facies (Figure 2.30). This demonstrates that there is a
high percentage of thin beds compared to thick beds with unit frequency decreasing
as bed thickness increases. The beds commonly have a tabular geometry; however,
many beds could not be laterally traced for more than 40m due to exposure quality.
The basal boundary is sharp and planar in 92.7% of beds with all others having either
an erosional base or the boundary was not visible due to exposure quality.
Sedimentary structures
In the field, the beds are largely massive with symmetrical ripple-lamination being
observed in only 2.4% of beds and horizontal-lamination in one bed. 2.4% of beds
contained wavy bedding, within which 1mm varicoloured laminae were seen (Figure
2.31). In some thin sections small, chaotic, irregular fractures which are filled with
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Figure 2.30: Histogram for facies Cw bed thickness.
clastic quartz-rich sediment were found.
Trace fossils/fossils
Minor bioturbation is seen in only one bed, with only one other bed having a
Camborygma burrow present (see Section 2.3). Small (1cm wide, 10cm long) bone
fragments were rarely found. In thin section charophytes (Figure 2.32A, D,E) and
Ostracod shells (Figure 2.32C,D,E,) were found, with one slide having a gastro-
pod shell present which has undergone calcite replacement and been infilled with
micrite(2.32F). The charophytes are typically 0.5mm in diameter and are relatively
well preserved, with only some charophytes showing calcite replacement in the centre
Figure 2.31: Stromatolite domes.
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(Figure 2.32B). Ostracod shells have a crescent shape and commonly show calcite
replacement (Figure 2.32C-E). 1mm wide clusters of algal filaments, were also noted
(Figure 2.32C,D). Dunham (1962)
Two beds within this facies are much harder in comparison to other beds, and in
thin-section are completely composed of crystalline calcite, with no original deposi-
tional texture being able to be identified (Figure 2.32G,H).
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Figure 2.32: A and B - Thin section images showing range of textures seen in
facies CW. C to F - Thin section images showing various features found within
facies CW such as Algal filament clusters, Ostracod shells, Charophytes and
Gastropod shells. G and H - Thin section images of crystaline calcite beds. Images
taken at different scales, see individual image for scale bar.
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Interpretation
The rocks within this facies have been interpreted to be wackestones according
to Dunham’s (1962) classification, due to being predominantly composed of micrite,
with quartz grains, Ostracod shells, Charophytes and Gastropod shells collectively
making up 10-50% of the rock, and being mud-supported.
Calcium carbonate can be produced through four different processes within fresh
water environments; delivery by river systems from a calcium carbonate source area,
production from the erosion and breaking up of skeletal organisms, precipitation
either due to temperate or CO2 changes or from photosynthesising biological sources
such as algae or from alteration of carbonate minerals during diagenesis (Jones &
Bowser (1978);Tucker & Wright (1990)). A clear identification of the origin of the
micrite could not be determined, however it is not expected that delivery from a
carbonate source area is wholly responsible as the CW facies is not abundant and
widespread acorss the field area. Quartz grains identified within thin section show
that there was a clastic input.
The presence of such a fine grain size, along with relatively good preservation of
gastropod and ostracod shells, indicates that this was a low energy environment. On
occasion settling from suspension processes occurred as indicated by the presence of
horizontal-laminae. The symmetrical ripple-laminae observed have been interpreted
to be wave ripple-lamination and thus it can be interpreted that during small du-
rations of deposition an oscillatory motion, which was equal in both directions, was
present within the water column (Allen, 1984). The small fractures were interpreted
to be dessication cracks indicating that after deposition the beds were exposed to
subaerial processes, similar to those described in Section 2.2.9.
The occurrence of charophytes within limestones is regarded to represent fresh
water conditions (Tucker & Wright, 1990; McCourt et al., 2004). Algal filaments are
also reported to be present in fresh water environments, as documented by Scholl
& Taft (1964). The bone fragments found were not able to be identified to any
particular organism, however, due to the disarticulated and random position the
fragments were found in it is thought that these bone fragments were transported
into what is considered a relatively low energy environment. The wavy beds with
varicoloured laminae (Figure 2.31) are interpreted to be laterally linked stromatolite
domes (Logan et al., 1964).
The crystalline beds are interpreted to be the result of recrystalisation processes
during diagenesis. The reason for recrystallisation is not certain and could be due to
a number of processes as described by Tucker & Wright (1990). Further work would
need to be conducted to work out the paragenetic sequence for this rock, which is
deemed as out of the aims of this project.
The high percentage of beds that have a sharp planar lower boundary indicate
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that deposition largely occurred straight onto previous deposits with relatively little
incision occurring.
2.3 Trace fossils
Numerous trace fossils are found in the beds within this study area, brief descriptions
and interpretation of which are found within this section. A detailed trace fossil study
was not conducted as sufficient studies have already been conducted on the study area
by Hasiotis (2004). An interpretation of trace fossil maker was largely based on the
work done by Hasiotis (2004).
2.3.1 Trace fossil descriptions
Dinoturbation
Deformation is in the form of footprint impressions that vary in size from 10cm
to 1m in diameter and can be as deep as 50cm (see Figure 2.33 for examples). The
footprint impressions can be either well formed (Figure 2.33A and C), or irregu-
lar and chaotic ( Figure 2.33C). Isolated footprints are commonly seen, but track
ways were sometimes observed which have a maximum of 7 individual prints visi-
ble. It is believed a range of dinosaurs were responsible for the impressions, most
commonly Theropods, where three toe imprints aid identification (Figure 2.33A),
and Sauropods, whose large footprints aid identification (Hasiotis, 2004, Fig 20b).
The term dinoturbation is used to describe the trampling of soils and sediments by
dinosaurs (Dodson et al., 1980). Dinoturbation is present in facies Ms, Hh, Sw, Ss
and Sr. Dinoturbation can give an indication of groundwater table heights as high
degrees of dinoturbation reflect high water tables, and a low degree of dinoturbation
can indicate low water tables (Hasiotis, 2002).
Camborygma burrows
The burrows are present in both a horizontal (Figure 2.34A) and vertical position
and are generally 1cm in diameter and can be up to 10cm in length. The burrow walls
sometimes have a knobby texture or can have scratch marks on them. Burrows were
not observed to be branching but were rarely observed to terminate into a chamber
that is 2.5cm in diameter. The burrows were interpreted to be formed by crayfish
(Camborygma) based on the description and images given by Hasiotis (2002) and
Hasiotis (2004).
Camborygma burrows are observed within 0.41% of beds within facies Sr, Ss, St,
CW, Ms and Mh. The depth of the crayfish burrows can help determine water table
height, with estimates using crayfish burrows being made by Hasiotis & Kirkland
(1996), of 600 to 100 mm below the surface, implying seasonal changes in water table
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Figure 2.33: A - Well formed Therapod footprint. B - Chaotic dinosoar footprint
in cross-section, likely to be formed by Sauropod. C - Well formed dinosoar
footprint trail on the underside of a bed.
height.
Beetle traces
These burrows are both vertical and horizontal in orientation. The vertical traces
are no larger than 1cm in diameter and can extend to 8cm vertically and are rarely
branching, being either J-shaped or straight. The horizontal burrows were often
branched, but were also observed as being unbranched or sinuous (Figure 2.34B).
The burrow walls in both vertical and horizontal burrows often have scratch marks
present. The burrows are interpreted to be various beetle traces (Steinichnus, An-
corichnus, Coprinisphaera, Staphylinidae, and Scoyenia) based on descriptions and
interpretations in Hasiotis (2002) and Hasiotis (2004). Although these traces have
been interpreted to be formed by beetles, there are also similarities to crickets and
craneflies (Hasiotis, 2004). Beetle traces are the most common organism found, being
present in a variety of depositional environments (see Section 2.3.2). Traces occur in
facies Ss, St, Sw,Ms, Sr and Sh.
Adhesive meniscate burrows
Adhesive meniscate burrows are vertical, are no wider than 1cm and extend ver-
tically for 10cm. Burrow walls are usually not visible, and when present are very
thin (1mm maximum thickness). The backfill appears to be tightly packed together,
and has a different colour to the host rock. The burrows exhibit no relief from the
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surrounding rock indicating that they do not weather differently (Hasiotis, 2002).
These burrows were interpreted to be adhesive meniscate burrows (AMB) based on
descriptions given in Hasiotis (2002). The tracemaker for these burrows was not able
to be identified with possibilities including soil bugs, ground beetle larvae or scarab
beetles (Hasiotis, 2004). Traces occur in facies Ss and St. AMB burrows are believed
to be moisture loving and are often associated with palaeosols (Hasiotis, 2004).
Mammal burrow systems (MBS)
One burrow systems that is a 10cm wide shallow dipping tunnel, that extends
laterally for 70cm, was found (Figure 2.34C). The tunnel is well cemented, has a
nodular texture and is found within muddy strata (facies Ms). This feature was
interpreted to be formed by Jurassic mammals based on description and images given
in Hasiotis (2004).
Cochlichnus trails
Traces are thin (0.2cm wide) and have a relief of 1mm and vary in length from 5cm
to 10cm. The distinctive feature that makes this trail identifiable to Cochlichnus is
the simple sinuous form the trail has (Figure 2.34D), as described by Hasiotis (2002).
All of the Cochlichnus traces have a horizontal orientation and are commonly found
on the underside of sandstone beds that belong to Sh, Sr and St facies. These trails
are thought to have been formed by either nematodes or oligochaetes depending on
length and thickness.
Ant traces
Ant traces were interpreted to be present based on matching descriptions and
images from Hasiotis (2002) and Hasiotis (2004). Ant traces in the form of ant nests
were noted in 0.13% of beds, primarily in beds that are assigned to the St and Sr
facies. The traces are oblate chambers that are, at the maximum, 1cm in diameter
at the widest point. Galleries are seen but are not a common feature. Burrows are
2cm to 5cm in length, 1cm wide and terminate into galleries.
Fuersichnus trails
Curved, horizontal traces, that are commonly backfilled, 0.5cm wide and 15cm in
total length were also observed and were interpreted to be Fuersichnus traces based
on descriptions and images in Hasiotis (2004). The traces are present within 0.06%
of beds and are found in the St and Ss facies and are believed to be formed by insect
nymphs that are similar in nature to extant mayflies or caddisfly larvae (Hasiotis,
2004).
Larvae traces
A 0.3mm wide vertical burrow was observed within one bed. A reinforced, ce-
mented sediment wall is found in the upper portions of the burrow, with very faint
U-shaped traces being found in cross-section. This burrow was interpreted to be
formed by aquatic insect larvae based on descriptions and image given in Hasiotis
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(2004) and was only found within a bed assigned to the St facies.
Tektonargus traces
One group of vertical burrows that consist of tightly packed brown coarse sand
was observed. Burrows are straight, only 4cm in length, 0.3mm wide and were only
found in facies St. This group of burrows is interpreted to be Tektonargus traces
which are formed by caddisflies (Hasiotis, 2004).
Figure 2.34: A - Camborygma burrows. B- Steinichnus trails. C - Mammal
burrow system. D - Cochlichnus trail.
2.3.2 Palaeoenvironmental indications of trace fossils
The different trace fossils identified in the above sections can help give important in-
formation about depositional environments. Firstly, the identification of trace fossils
demonstrates that the Morrison ecosystem was dynamic and very much established
at the time of deposition. The trace fossils also give helpful indications as to what
depositional setting the rocks were deposited in. Hasiotis (2004) describes the set-
tings in which each trace fossil is found, a summary of which can be seen in Table
2.2. Some traces are described to be only found within certain deposition environ-
ments. For example, MBS and Tektonargus are found in proximal floodplain settings
and Cochlichnus and larvae traces were reported to only occur in proximal lacustrine
settings (Hasiotis, 2004). Other trace fossils can be found in a variety of deposition
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environments such as dinoturbation, Camborygma, Beetle traces, AMB, Ant traces
and Fuersichnus.
Trace fossils can also give useful climatic information. Water availability is a key
control on the distribution of organisms (Hasiotis et al., 2007), and thus using the
distribution of certain organisms an idea of the palaeohydrology and palaeoclimate
can be obtained. Table 2.2 shows the different moisture regimes in which each trace
fossil can be found. A range of moisture regimes were found from epiterraphilic (soil
surface), terrephilic (upper portion of the vadose zone), hygrophilic (lower portion
of the vadose zone) and hydrophilic (ground water i.e. the phreatic zone). Hasiotis
(2004) notes tiering of burrows within the Morrison ecosystem. Depths to which
different traces are found are also noted in Table 2.2. Hasiotis (2004) attributes
tiering to fluctuating soil moisture and groundwater conditions, which in turn would
have been climatically controlled. It is concluded by Hasiotis (2004), that a tropical
wet-dry climate prevailed within the study area within which wetter and drier seasons
were occurring.
2.4 Post depositional processes - Palaeosol devel-
opment
A post depositional palaeosol facies was created to acknowledge the presence of
palaeosols within the area of study. A palaeosol facies was not put into the fa-
cies scheme presented in Section 2.2. as the facies presented are considered to be
formed through primary depositional processes whereas palaeosols are the product of
pedogenesis, a process that alters previously deposited sediments and rocks.
2.4.1 Diagnostic palaeosol features
Features such as root traces, rhizoliths (rhizoconcretions), nodules and colour mot-
tling (Figure 2.35) have been recognised in beds within the facies Sh, Ss, Hh, Mh,
Ms and G.
Evidence for roots is most commonly seen in facies in which mud is the dom-
inant lithology. Root structures were identified in three different forms. The first
form can be seen in Figure 2.35A where the roots have a thin (2mm in width), ir-
regular downward tapering morphology which sometimes branches laterally. These
were interpreted to be rootlets based on the description given by Retallack (2001).
The second form of evidence for the presence of roots is the presence of rhizoconcre-
tions (Figure 2.35B). Again these structures have an irregular shape but are thicker,
commonly being 1cm in diameter. Branching was not observed, however, it is not
certain that branching was not occurring as cross-sectional exposures were limited.
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Trace fossil Environmental
setting
Moisture
regime
Tier depth Facies
Dinoturbation Ch,Lv,Pf,Pl,Ti,Es Epit Surface Ms,Hh, Ss,
Sr
Camborygma Ch, Lv, Pf, Df, Pl Hydro Shallow, intermediate Sr, Ss, St,
CW, Ms
Mh
Beetle traces: Ss, St, Sw,
Ms, Sr , Sh
Steinichnus Lv, Pl Hygro Surface, shallow
Ancorichnus Lv, Pf Hygro Shallow
Coprinisphaera Pf,Df Ter Shallow
Staphylinidae Ch, Lv Ter Shallow
Scoyenia Lv Hygro Shallow, intermediate
Adhesive
Meniscate
Burrows
Lv, Pf, Df, Pl Hygro Shallow intermediate Ss, St
Mammal Bur-
row System
Pf Ter Intermediate, deep Ms
Cochlinus Pl Hydro Surface Sh, Sr, St
Ant traces Pf, Df Ter Shallow, intermediate St, Sr
Fuersichnus Ox, Pf, Pl Hydro Shallow St, Ss
Larvae traces Pl Hydro Shallow St
Tektonargus Pf Hydro Surface St
Table 2.2: Summary of Environmental setting, moisture regime and tier depth of
each trace fossil found. Abbreviations are as follows: For environmental setting -
Ch, channel; Lv levee; Ox, oxbow lake; Pf, floodplain proximal; Df, floodplain
distal; Pl, lacustrine proximal; Dl, lacustrine distal; Ti, tidal; Es, esturine. For
moisture regime Epit, epiterraphilic; Ter, terraphilic; Hygro, hygrophilic; Hydro,
hydrophilic. For facies codes see table 2.1.
Modified from Hasiotis (2004)
The third form of evidence for roots can be seen in Figure 2.35C. These structures are
again irregularly shaped and branch laterally vertically down the bed. The centres of
the structures are commonly purple with a lighter green, light purple or white halo.
These are interpreted to be reduction/alteration haloes (drab mottling) (Hasiotis,
2004). Very rarely tree stumps, such as that outlined in Figure 2.35D, are found
further supporting palaeosol development, as without soil such a big tree could not
grow. As commented by Retallack (1988), Retallack (2001), root traces are one of
the best criteria for recognising palaeosols, and thus by identifying their presence it
can be concluded that pedogenic processes were occurring.
Colour mottling was also observed within some facies, but differs from the drab
mottling described above as there were no visible root traces and the mottles are
rounded rather than irregularly shaped, as seen in Figure 2.35E. The mottles are
various shades of purple, red, green and white and occur in both mud dominated and
sand dominated facies. Mottles can be patches of discolouration or may represent
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early stages of nodule formation (Retallack, 2001). Mottles are also considered to be
features of palaeosols (Retallack, 2001).
Chert, gypsum and most commonly calcium carbonate nodules were observed
within a number of facies. The nodules were most commonly seen in facies where
mud was the dominant lithology. The nodules are massive with no internal structures
present, which helped with the interpretation that these structures were nodules (Re-
tallack, 2001). The nodules range in size from 5mm to 5cm in diameter, are broadly
spherical and were often found to be isolated as seen in Figure 2.35F, or more rarely
coalesced within a layer. Nodules essentially form through the precipitation of ce-
ments such as calcium carbonate from pore waters as a result of the saturation of the
minerals and escape of CO2 (Magaritz et al., 1981). The difference in composition of
the nodules reflects differing pore water chemistries. This process can occur from as
soon as the sediment is within the sediment water interface through to deep burial
diagenesis (Scotchman, 1991). Although it is not clear when these nodules formed,
some nodules are found alongside root structures, and thus it is probable that they
formed during pedogenesis. Demko et al. (2004) conclude that carbonate within the
Morrison floodplain palaeosols precipitated as a result of either (or both) soil-forming
processes (pedogenesis) and groundwater processes. Due to the lack of internal struc-
tures the nodules were either formed from continuous growth or were recrystalised
(Retallack, 2001).
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Figure 2.35: A - Subtle root trace. B - Rhizonconcretion. C - Drab mottling. D -
In-situ tree trunk. E and F - Nodules
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2.4.2 Palaeosol types
Although a detailed palaeosol study is not within the scope of this project, three broad
palaeosol types were identified within the area of study; well-drained argillic calcisol,
poorly drained argillic calcisol and a gypsiferous palaeosol. For a more detailed
account of the paleaosols within the Morrison Formation the reader is directed to
Demko et al. (2004).
Well-drained argillic calcisol
The well-drained argillic calcisol is predominately found within mud bearing facies
such as Mh and Ms facies. Small accumulations of clay are found, but silt is still
the dominant grain size. Root structures are common as are calcrete nodules. Some
vertical structures are present but only within the more well developed palaeosol beds.
This palaeosol has a red, brown or purple colour and is generally the thickest and
best developed out of the three palaeosols. This palaeosol ranges in maturity from
poorly to well-developed. The more well-developed palaeosols reflect periods of slow,
if any, sedimentation where pedogenic processes were able to alter the sediments,
whereas the poorly developed palaeosols represent faster periods of sedimentation
(Demko et al., 2004). The red colouration and presence of calcrete nodules indicates
a relatively dry environment, where the soils were relatively well-drained (Kraus &
Wells, 1999). Demko et al. (2004) also identified a well-drained palaeosol in the
Morrison Formation. An example of the well-drained argillic calcisol can be seen in
Figure 2.36A.
Poorly-drained argillic calcisol
The poorly-drained argillic calcisol is predominately present in mud dominated
facies. The beds within this palaeosol tend to have more clay present than the well-
drained palaeosol. Root structures and nodules are not common, and when present
they are low in abundance. Coloured white mottles are more commonly seen but
again are not abundant in each bed. This palaeosol generally has a green-grey colour
and is nearly always poorly formed. The presence of the grey colour has aided the
interpretation that this soil is poorly drained (Kraus & Wells, 1999). An example of
the poorly-drained argillic calcisol can be seen in Figure 2.36B.
Gypsiferous palaeosol
The gypsiferous palaeosol is the least common type of palaeosol found within
the study area. Root structures and coloured mottles are not found, with gypsum
nodules being the key palaeosol indicator found. This soil is always poorly formed
is green-grey and purple. This palaeosol is commonly associated with the G facies.
The presence of gypsum indicates that this soil was formed under evaporitic dry
conditions. Demko et al. (2004) also identified an evaporitic palaeosol.
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Figure 2.36: A - Well-drained argillic calcisol. B - Poorly-drained argillic calcisol.
2.4.3 Palaeoenvironmental implications of palaeosols
As noted by Demko et al. (2004), paloesols can give good information about the
palaeoclimate and palaeohydrology of an area. Demko et al. (2004), conducted a
detailed study on the palaeosols of the Morrison Formation and concluded that the
presence of calcisols within floodplain palaeosols suggests that palaeohydrologic con-
ditions were characterised by higher evaporation to groundwater recharge rates. The
authors also conclude that the accumulation of iron and clay indicates the downward
movement of water through the soil profile and thus wetter conditions were present
at times. Demko et al. (2004) conclude from their palaeosol study that a semi-arid to
seasonal palaeoclimate prevailed, with fluctuating groundwater conditions and a high
evaporation to precipitation ratio and some form of seasonal precipitation. This is in
agreement with conclusions made based on trace fossil evidence which was discussed
in Section 2.3.2. Observations made within this study largely agree with those made
by Demko et al. (2004), with the red more well-drained palaeosols indicating a dry
environment and poorly formed, poorly-drained palaeosols indicating high ground-
water tables. The spatial and vertical distribution of the palaeosols shall be discussed
within subsequent chapters.
2.5 Statistics
2.5.1 Facies statistics
The total thickness that each facies holds (when all beds are combined) was calculated
to help determine which was the dominant facies within the study area. As can be
seen in Figure 2.37, the St facies holds the highest total thickness with 965m. Facies
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Figure 2.37: Graph showing cumulative thickness of each facies.
Ms follows with 294m, followed by Ss accounting for 214m and St1 accounting for
195m. All other facies each account for less than 6% of the total thickness. As the
St facies holds the highest total thickness, this implies that the dominant process
occurring was bedload deposition from a largely unidirectional flow within the lower
flow regime. However, it must be considered that this reflects what is preserved
within the rock record. If a facies has a low preservation potential it may seem that
this process is less common than a facies with a high preservation potential. For
example, the Sr facies may be the dominant process but due to there being higher
velocity processes present, such as those depositing the St facies, the Sr facies is less
likely to be preserved. General field observations support this concern as some facies
were observed to be commonly cross-cutting other facies, such as St cross-cutting
mud prone facies.
2.5.2 Bed thickness distributions
Bed thickness data was analysed to assess bed thickness distributions within each
facies to try and gain an insight into the processes occurring. Data was plotted on
a histogram and a cumulative frequency graph with descriptions of trends displayed
being described within the description section of each facies.
Two broad patterns were recognised. The first group of facies, (group one); have
a bed thickness distribution which is clearly positively skewed as a result of there
being a high percentage of thin beds relative to thicker beds Figure 2.38). Within
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Figure 2.38: Histogram and cumulative frequency graph for Sw facies. Note the
positive skew of the data. Trends seen for Sw facies is similar to trends displayed
for Sr, Sh, Ms, St, St1, Ss, Hh, Hs, Mh, G and CW facies.
this group the facies could be further split up by degree of positive skew, with one
group, containing the facies Sr, Sh, Sw and Ms (group 1), displaying a very strong
positive skew to the point that they could be described as being exponential. Facies
St, St1, Ss, Hh, Hs, Mh, G and CW (group 2) show a less, but still strong, positive
skew. On a cumulative frequency plots group one facies have an initial sharp gradient
which decreases in gradient as bed thickness increased (Figure 2.38). This can be
interpreted to be showing an exponential distribution. An exponential distribution
implies that frequency of bed thickness’s from thin to thick reduces at a particular
rate and that Poisson type processes were occurring. As stated at the beginning of
the chapter, data presented in this chapter is not from a single vertical succession
but rather a compilation of all 29 sections across the field. As a result of this it is
not seen as appropriate to test whether the curves are in fact exponential as these
beds do not occur one after another and thus discussions as to whether Poisson type
processes are occurring is not relevant at this point.
Three key factors could be controlling this distribution in bed thickness. Firstly
this distribution in bed thickness could be giving insights into the magnitudes of
processes occurring within each facies. Low magnitude events would produce the
thinner beds, while higher magnitude events would produce the thicker beds. The
high number of thin beds suggests that low magnitude events are much more common
than higher magnitude events. The histograms produced for each facies can give some
indication as to how often a certain magnitude event is occurring (i.e. a low or high
magnitude event). However, as already stated in the previous section preservation
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Figure 2.39:
Histogram and
cumulative frequency
chart for Sp facies. Note
the uniform distribution
of bed thickness data.
Trends seen are similar
to those seen for Mw
facies
potential and degree of reworking is a key factor that needs to be considered when
looking at facies distributions as a whole. This also needs to be considered when
looking at bed thickness distributions within the facies themselves (Burgess, 2008). A
high percentage of thin beds relative to thick beds could be implying low preservation
potential due to a high degree of reworking occurring with higher magnitude processes
such as Sp and St reworking deposits of Ms and Mh facies. Lastly a high percentage
of thin beds to thick beds could be the result of high lateral migration rates relative
to vertical accumulation rates (Burgess, 2008). It is probably a combination of these
three factors that is causing the distributions seen.
Group two contains the facies Sp and Mw. A very different pattern is seen both
on a histogram and cumulative frequency plot when compared to group one. A
uniform, rather than skewed, distribution is seen on a histogram plot for facies Sp
and Mw, while the cumulative frequency graph shows an unevenly spaced stepped
curve (Figure 2.39). The number of beds present within these facies is considerably
less than other facies. This is a reflection of this facies being either less frequently
deposited or less frequently preserved, rather than a collection bias as all beds present
in each vertical succession were recorded. As a result of such a small sample size
interpretations are not taken too literally as a higher sample number would give
more confidence in any statistical interpretations made.
2.6 Conclusions
In summary, thirteen facies and one subfacies were described in this chapter with
process interpretations also being made. Palaeosols were also described with en-
vironmental interpretations made based on the observations made. Bed thickness
distributions were also analysed with 12 out of 14 facies showing a high frequency
of thin beds compared to thick beds. Three possible factors were attributed to be
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causing this; frequency of different magnitudes within a particular process (i.e. fa-
cies), preservation and degree of reworking or high lateral migration rate compared
to vertical accumulation rates. A combination of these factors could be responsible
for trends seen. Descriptions and interpretations made within this chapter will form
the basis of subsequent analysis when defining facies associations in the next chapter.
Chapter 3
Facies Associations
3.1 Introduction
Within this chapter the facies association scheme shall be presented. Ten different
facies associations were identified across the field area, a summary of which can
be seen in table 3.1. Facies associations were determined based on the recognition
of a combination of processes (facies) which are indicative of certain depositional
environments (Collinson, 1969). Deposit architecture as well as palaeosol and trace
fossil identification also helped determine the different facies associations.
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3.2 Facies associations
3.2.1 Fluvial channel facies association
Two different fluvial channel facies associations were identified based on whether the
deposits were interpreted to be mobile or fixed channels (Friend, 1983).
Laterally amalgamated channel-fill facies association (1)
The laterally amalgamated channel-fill (LACF) facies association is composed of fa-
cies St(89.71%), Ss (7.1%), Sh (1.31%), Sp (0.47%), Mh (0.46%), Ms (0.36%), Sr
(0.29%), Sw (0.04%) and Hh (0.02%). 0.24% of successions assigned to this facies
association do not have a particular facies assigned to it as there are gaps in exposure
which have been inferred to be part of the LACF facies association based on facies
above or laterally equivalent to the gaps in exposure.
The LACF facies association is predominately found within the Salt Wash Mem-
ber. The deposits have an overall sheet geometry and where the edge of the complexes
could be observed, a gradual thinning to the edges was commonly noted. The LACF
facies association is composed of laterally and vertically amalgamated beds, which
can be both succession dominated and erosion dominated (Gibling, 2006). Four dif-
ferent scale ‘bounding surfaces’ (Miall, 1988) were noted within the channel bodies
the details of which will be discussed in subsequent paragraphs. The base of the chan-
nel belt-fill complexes are erosional, with the top surface being depositional, with a
much flatter appearance. The successions range in thickness from 1.1m to 26.4m and
extend laterally from 300m to 20km.
The facies St, Ss, Sh, Sp, Mh, Ms, Sr, Sw and Hh collectively represent deposition
within a fluvial channel environment (Miall, 1978; Walker & Cant, 1984; Collinson,
1996; Robinson & McCabe, 1998; Nichols & Cantrill, 2002; Bridge, 2003; Kjemperud
et al., 2008; Cain & Mountney, 2009; amongst others). This interpretation is fur-
ther backed up by the presence of palaeosols above and below the channel belt-fill
successions and the presence of tracefossils that are indicative of terrestrial fluvial
environments (Section 2.3). As discussed in Chapter 2, the facies St, Ss, Sh, Sp and
Sr represent deposition from bedload within a unidirectional flow and thus represent
deposition from when the river was actively flowing. Facies Mh, Ms and Hh were
deposited from settling from suspension processes (Chapter 2), and thus represent
deposition under slack water conditions when the river was not actively flowing, ei-
ther due to low flow conditions that could be seasonally related or due to channel
abandonment. The Sw facies could have been deposited when flow was minimal and
shallow enough for an oscillatory motion to occur in. The relatively poor sorting, lin-
ing of mud clasts and coarser grains on cross-sets, presence of mud and sand drapes,
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high presence of Sh facies, the irregularity of bedform size (see Chapter 2), and form
within channel belts and overall sheet geometry collectively imply many of the de-
posits within the channel belt-fill facies were deposited from rivers that experienced
a seasonally flashy discharge (Miall, 1977; Miall, 1978; Stear, 1985; Lorenz & Nadon,
2002). This is in agreement with Robinson & McCabe (1998) and Turner & Peterson
(2004) who describe a seasonally variable flashy discharge for the Salt Wash fluvial
system and Good (2004) who also interprets the Morrison as having a seasonally
variable climate from the study of growth bands on freshwater bivalves across the
basin.
Four different order bounding surfaces were identified within the LACF facies as-
sociation. The first order bounding surface was noted at the bedform scale where
bedforms migrate, cross-cut one another and amalgamate to form the first order
bounding surface. The bedforms are superimposed onto barforms which, like the
bedforms, migrate, cross-cut one another and amalgamate to then form the second
order bounding surface. The third order bounding surface is found at the chan-
nel storey scale, representing erosion events where the once active river has eroded
into previous channel deposits. The storey’s are composed of barforms (which are
composed of bedforms), range in number within a complex from 1 to 4 and col-
lectively amalgamate to form the sandstone complexes. Multiple storey’s were not
always present within the channel belts, with many sandstone complexes often being
composed of just laterally amalgamating bars. This may be related to the scale of
erosion into previous deposits to form the third order bounding surface and when
no surfaces are observed it can be inferred that no significant incision occurred. The
fourth order bounding surface is the boundary of the channel belt. The different order
bounding surfaces observed within the amalgamated channel-fill facies association is
shown within Figure 3.1. The large sandstone sheet is interpreted to be the channel
belt as it represents coalesced smaller elements of channel fill (i.e storeys, bar forms
and bedforms) deposits (Petijohn et al., 1972) (Figure 3.2). The lateral and vertical
amalgamation seen within the sandstone sheets represent the lateral migration of flu-
vial channels and subsequent juxtaposition of river deposits onto previous deposits,
(Gibling, 2006), which as noted before can be observed at a variety of scales. The
juxtaposition of deposits onto one another, at all scales, appeared to be random in
most cases with only isolated cases showing a systematic migration in one direction.
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Figure 3.2: Cartoon of the LACF facies association.
The original planform of the channel belt deposits was unable to be confidently
identified as being either meandering or braided as evidence for both planforms were
seen. It is probable that the Salt Wash was deposited within a mixed meandering-
braided fluvial system. This shall be discussed in detail in Chapter 4. A cartoon of
the LACF facies association can be seen in Figure 3.2.
Petrographic analyses
A detailed petrographic analysis was not within the scope of this project as a
detailed analysis has already been conducted by Cadigan (1967) on Salt Wash sedi-
ments. Therefore only a hand-full of samples were collected from beds assigned to the
LACF facies association to be petrographically analysed. Sandstones from the LACF
facies association are predominately composed of quartz grains (∼50-95%) ((Figure
3.3C-E), with a small proportion of the quartz grains being strained (<5%) (Figure
3.3A). Lithic fragments can compose up to ∼50% of some of the coarser grained thin-
sections (Figure 3.3A,F), but can also be absent from others (Figure 3.3D). Cadigan
(1967) states that the lithic fragments are predominately polycrystalline chert, but
tuffaceous, limestone (Figure 3.3), and metamorphic fragments can also be present
within Salt Wash sediments. Feldspar, usually in the form of plagioclase feldspar
(Figure 3.3B), and mica (Figure 3.3C) are also present within the thin-sections, but
rarely constitute more than ∼5%. Heavy minerals such as rutile (Figure 3.3D), tour-
maline, zircon, magnetite, staurolite, apatite and ilmenite have been identified by
Cadigan (1967), but comprise less than <0.25% by weight of Salt Wash samples.
The moderate to poorly sorted nature of the LACF deposits is also evident within
the thin-sections, as they display a relatively immature texture. A mixture of grain
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angularity is observed within the sections with both well-rounded and angular grains
being visible. However, most of the grains are predominately sub-rounded in nature.
The cements within the samples are, for the most part, calcite cements (Figure
3.3A,-C,E) with minor amounts of quartz overgrowth and microcrystalline quartz
cements also being present. The matrix is not often visible within the sections studied
(<15% of the thin-section), but when it is observed it is predominately composed of
clay. Cadigan (1967) notes from a more detailed study that the matrix is more
specifically within the mica-montmorillonite mixed clay series.
Based on the characteristics observed within the studied thin-sections the sand-
stones from the LACF facies association are interpreted to be Quartz Arenites, Sub-
litharenites and Litharenites when there is a high amount of polycrystaline chert
present, according to Folks classification scheme (Folk, 1974), which are similar to
interpretations made by Cadigan (1967).
Isolated channel-fill facies association (2)
The isolated fluvial channel-fill facies association is composed of facies St (62.93%),
Ss (22.51%), Sr (7.73%), Sh (5.82%), Hh (0.84%) and Sw (0.17%). The deposits have
a simple lens geometry where a clear channel shape and erosional base can be seen
in cross-section, as seen in Figure 3.4. Channel wings and simple sandy single storey
fills were also observed, apart from in some places where lens shaped mud plugs can
be observed at the top of the deposit, such as that shown in Figure 3.4. The beds
within this facies range in thickness from 5cm to 4.7m with an average thickness of
1.58m. Laterally these channels do not extend for more than 400m, usually being
less than 100m in extent. The isolated channel-fills have much smaller dimensions in
comparison to the LACF facies association with both sets of channels being found
in similar floodplain material. The isolated channel-fill facies association is found
predominately within the Tidwell Member but is also present within the Salt Wash
Member.
As mentioned in Chapter 2, the facies St, Ss, Sr and Sh largely represent depo-
sition from bedload from a unidirectional flow. Collectively these facies represent
deposition within a fluvial channel environment (Miall, 1978; Walker & Cant, 1984;
Collinson, 1996; Nichols & Cantrill, 2002; Kjemperud et al., 2008; Cain & Mountney,
2009; amongst others), which is further backed up by the channel geometry the beds
possess, presence of terrestrial trace fossils (see Section 2.3) and close relationship
with floodplain palaeosols. Mud plugs represent the final filling and abandonment of
the channel (Lynds & Hajek, 2006). This abandonment phase is represented by facies
Hh, where a decrease in the volume of water going through the channel has led to a
decrease in local shear stress, ultimately allowing the deposition of fine grained mate-
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Figure 3.3: Thin section images of various samples. Location of sample marked in
pullouts A, B and C. A- V6; B-BUK3; C-CH2; D-V1;E- BUK3; F-V6. Red arrows=
calcite cement; green= quartz; yellow= strained quartz; blue - feldspar; pink=
polycrystalline chert lithofragments; orange= biotite mica. Images in XP. Note
scale in the bottom right corners of images.
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Figure 3.4: A - Isolated channel within floodplain deposits. B - Image showing
interpretation of features related to isolated channel.
rial (Lynds & Hajek, 2006). The Sw facies is thought to have been deposited during
periods in which slack water conditions were present within the channel, probably
during the abandonment phase or when flow was limited due to seasonal variations
in discharge.
Like the laterally amalgamated channel-fill facies association, the isolated channel-
fill facies association represents deposition within a channelised environment. The
lens geometry and simple fill of these channels implies the channels were fixed in
position with little lateral migration occurring, (Friend et al., 1979; Hirst, 1991; Gib-
ling, 2006) (Figure 3.5). Only 1 out of 112 isolated channel-fills were found to have
lateral accretion surfaces present. The small number of lateral migration structures
further backs up the interpretation of these channels being fixed in position. The
smaller dimensions seen in the isolated channel-fill bodies suggests the isolated chan-
nels experienced a reduced flow volume and discharge in comparison to the laterally
amalgamated channel-fill facies association, resulting in the isolated channel-fill bod-
ies being more fixed in position as they do not have the stream power to erode and
laterally migrate, unlike the channel belt-fill facies association. Such deposits are
commonly termed ribbon channels within the literature (Gibling, 2006). A cartoon
of the isolated chanel-fill facies association can be seen in Figure 3.5.
The beds within the isolated channel-fill facies association can take on two dif-
ferent cross-sectional forms; asymmetric (Figure 3.4) and symmetric. An asymmet-
ric channel geometry is generally regarded to represent deposition within a sinuous
channel (Leopold & Wolman, 1960; Miall, 1996; Jobe et al., 2010, amongst others).
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Figure 3.5: Cartoon of the isolated channel-fill facies association.
However it is also important to note that asymmetrical channels can also be formed
within relatively straight reaches if the flow within the channel was asymmetrical, as
is demonstrated in Bridge (2003). As commented by Jobe et al. (2010), an asymmet-
ric architecture is formed as a result of differential boundary shear stresses: higher
boundary stress conditions are experienced where velocities are greatest and as a
result more erosion and steeper banks will be created compared to lower velocity
zones, ultimately resulting in an asymmetrical geometry (Bridge, 2003). This is com-
monly best demonstrated on the outside of meander bends where flow velocity is
greater compared to the inside of the bend. The symmetric deposits represent fill
from relatively straight portions of the channels (Pyles et al., 2010; Bridge, 2003). It
can therefore be concluded that the isolated channel-fill facies association represents
deposition from a mixture of straight and sinuous reaches of river channels as there
are both symmetric and asymmetric forms present.
Ribbon shaped channel fill bodies have already been noted by Kjemperud et al.
(2008) in the Salt Wash fluvial system around Capitol Reef National Park, UT.
Kjemperud et al. (2008) term ‘steer-head channels’ (SHC) and interpret them as
being distributary channels that drain into floodplain lakes and wetland systems.
Cain & Mountney (2009), also note ribbon channels could represent coevally flowing
channels within a distributary channel system.
Cain & Mountney (2009) and Makaske (2001) note that ribbon channels could
also represent deposition from an anabranching system. Confidently interpreting the
presence of anabranching river deposits in the rock record is extremely difficult (Smith
& Smith, 1980; North et al., 2007). Kjemperud et al. (2008) discounts the SHC as
being deposited from anastomosing rivers as the channels are found to be located
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Figure 3.6: Cartoon illustrating the hypothesised relation between laterally
amalgamated channel-fill facies association and isolated channel-fill facies
association. Note the cartoon is not drawn to scale.
only at the base of the successions and are associated with lacustrine deposits. This
reasoning would only hold if the lakes are of considerable size rather than floodplain
lakes, which is not specified by the paper. Although the isolated channels within
this study are found to be associated with lake deposits, as will be discussed in
Section 3.2.3, the lakes are not believed to be of substantial size and are better
referred to as being floodplain lakes. The isolated channel-fill deposits were also found
throughout vertical successions across the whole system with no apparent relation to
lacustrine deposits and thus the justification given by Kjemperud et al. (2008) cannot
be said for all isolated channels within this study. Only individual isolated channel-
fill bodies were found present within each stratigraphic horizon, thus discounting
the notion that the isolated channel-fill bodies were deposited by an anabranching
system. It is therefore more plausible for the isolated channel-fills to be smaller
distributary channels of the larger scale, laterally unstable channel belt-fill facies
association. It is hypothesised that the isolated channel-fill facies association are
splay deposits of the laterally amalgamated channel-fill facies association or can be
smaller downstream distributive channels of the laterally amalgamated channel-fill
facies association. The hypothesised relationship can be seen in Figure 3.6. However,
this shall be further discussed in Chapter 6, where the spatial distribution of the
different facies associations will be discussed. (Kjemperud et al., 2008) also concludes
that his SHC are distributary channels.
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Figure 3.7: Examples of how the
different facies associations can
appear within a sedimentary log.
Note the LACF deposit is
composed of three storeys in the
example shown. Examples taken
from Atkinson Creek. See pullouts
A,B and C for all logs and
interpretations.
3.2.2 Floodplain facies association
The floodplain facies association is present within the Salt Wash and Tidwell Mem-
bers and the Summerville Formation. The floodplain facies association has been
divided into three different sub-facies associations according to sand content. Areas
where the sand:mud content was 50:50 or areas with bad exposure were placed into
the undifferentiated floodplain facies association. Successions that had 60% sand or
more were placed into the sand-dominated floodplain facies association and succes-
sions with 40% or less sand content were placed into the mud-dominated floodplain
facies association. An example of a sand-dominated and mud-dominated succession
can be seen in Figure 3.7. An cartoon of the floodplain facies association can be seen
in Figure 3.8.
Undifferentiated floodplain facies association (3)
96.79% of the undifferentiated floodplain facies association does not have any partic-
ular facies assigned to it due to bad exposure. The deposits have been inferred to be
floodplain deposits based on two criteria. Firstly, the exposure style seen across the
area allowed an assumption to be made: the channel belt-fill facies association are
prominent features in the landscape forming large sandstone cliffs and ledges as they
are more resistant to weathering processes, whereas the floodplain faices association
is generally more recessive and less prominent in the landscape. An example of this
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Figure 3.8: Cartoon of the floodplain facies association.
can be seen in Figure 3.9. Secondly, in some cases rocks that were laterally equivalent
to exposure gaps appeared to have floodplain characteristics. However, due to access
issues, the rocks could not be studied and thus laterally equivalent gaps were inferred
to be also floodplain material with no assumption of whether the material was sand
or mud dominated.
When beds were observed, and a 50:50 sand:mud ratio was calculated the beds
were placed into the undifferentiated floodplain facies association. The undifferenti-
ated floodplain facies association is composed of interbedded beds that are assigned
to the facies Ms(1.3%), Ss(0.65%), Mh(0.46%),St(0.44%), Sr(0.31%), Sh(0.05%),
Sw(0.01%) (rounded up to two decimal places). Palaeosol development was rarely
observed but when it was observed, poorly formed well-drained argillic palaeosols
were dominant.
Collectively these characteristics represent deposition from unchannelised flow
within a floodplain environment (Walker & Cant, 1984; Nanson & Croke, 1992;
Collinson, 1996; Bridge, 2003). A confident relative position to the channel could
not be made for the undifferentiated floodplain facies association due to the poor
exposure quality.
Sand-dominated floodplain facies association (4)
The sand-dominated floodplain facies association is composed of interbedded beds
that have been assigned the facies Ss (27.3%), St (21%), Ms (16.24%), Mh (10.57%),
Sh (9.56%), Sr (6.85%), Hs (0.8%), Hh (0.77%), Sw (0.63%) and Sp (0.08%)(rounded
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Figure 3.9: Image demonstrating exposure style in poorly exposed areas. Note
how the presence of floodplain material laterally allows the interpretation of
undifferentiated floodplain to be made in poorly exposed areas.
to two decimal places). 5.47% of the beds assigned to this facies association do not
have a particular facies assigned to them as there are gaps in the exposure which have
been inferred to be part of the sand-dominated floodplain facies association. The gaps
were no thicker than 3m and always lay in between rocks that were assigned to the
sand-dominated floodplain facies association.
The beds within this facies association are generally tabular in nature but can
undulate, as can be seen in Figure 3.10. Palaeosols, through the identification of
root traces, rhizoliths and calcium carbonate nodules, are interpreted to be present,
being present within 3.43% of beds, the majority of which are within muddy beds.
The majority of the palaeosols within this facies association are well-drained argillic
palaeosols that are relatively poorly formed (see Section 2.4) (Figure 3.10). It was
also noted that the majority of the mud beds were either brown or red indicating that
the sediments were relatively well drained compared to the green and grey deposits
that represent relatively poorly drained deposits (see section 2.4). These features
collectively imply that the sand-dominated floodplain environment was vegetated.
An example of the sand-dominated floodplain facies association can be seen in Figure
3.10.
Collectively the characteristics described indicate deposition from unchannelised
flow on a floodplain environment (Walker & Cant, 1984, Nanson & Croke, 1992,
Collinson, 1996, Bridge, 2003). This is further backed up by the presence of dinotur-
bation and the ichnofacies: Camborygma, Scoyenia, Coprinishphaera, Ancorichnus,
AMB, Staphylinidae and Fuersichnus, which can all be found within floodplain en-
vironments (see Section 2.3). The facies St, Sr and Sp indicate flow conditions that
were persistent in duration and strength to allow the formation and migration of bed-
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Figure 3.10: A - Example of sand-domainted floodplain succession. Note the
undulating tabular sandy beds. B - Close-up image of the well-drained, well-formed
palaeosol. Note the network of purple root traces in the bottom half of the
exposure. C - Example of a sand-domated floodplain succession with
poorly-formed, well-drained palaeosol.
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forms (Nichols & Cantrill, 2002), indicating these areas experienced flood conditions
that were relatively sustained. The Sw facies is believed to represent slack water
conditions where water depth was shallow enough to allow an oscillatory motion to
form. The mud dominated facies (Ms, Mh, Hs and Hh) demonstrate deposition from
settling from suspension processes from waning flood deposits. The undulating form
of the tabular beds is thought to be the result of minor differences in topography on
the floodplain, be the result of uneven erosion processes on the top of the beds or
could be due to soft-sediment deformation.
The relatively high percentage of sand (and therefore coarser grain size) of the
sand-dominated facies association implies the deposits are more proximal to the origi-
nal channel compared to the beds of the mud-dominated facies association (Guccione,
1993; Pizzuto, 1987). Guccione (1993) concludes from studies of grain size distribu-
tions on floodplains that grain size generally decreases with distance from the original
channel. Consideration of flood magnitude also has to be taken into consideration
when making assumptions of proximity of floodplain material to a channel when us-
ing sediment grain size. Higher magnitude flood events are expected, and if sediment
supply permits, to carry coarser grains further away from the channel than lower
magnitude flood events. Thus beds with similar grain sizes may represent different
distances from a channel as a result of differing flood magnitudes. The presence of
desiccation cracks demonstrates there were periods in time in which dry conditions
prevailed, however, these features are not ubiquitous throughout the deposits which
suggests dry conditions were not extensive.
The limited presence of palaeosols indicate relatively high sedimentation rates in
comparison to soil formation processes, which is further backed up by the low maturity
observed for the palaeosols. Walling & He (1998) comment from studies on rivers
in the UK that sedimentation rates are several times higher closer to the channel,
giving further evidence that the sand-dominated floodplain facies association could
represent floodplain deposits that are proximal to the channel. Ghazi & Mountney
(2009) comment from work conducted by Smith et al. (1989) and Kraus & Gwinn
(1997) that weakly developed palaeosols coupled with fine grained sheet sandstone
and ribbon channels suggest the presence of avulsion deposits.
Mud-dominated floodplain facies association (5)
The mud-dominated floodplain facies association is composed of interbedded beds
that have been assigned to the facies Ms (53.52%), Ss (10.30%), Mh (13.10%), Hh
(2.12%), Hs (3.34%), Sr (2.93%), St (1.87%), Sh (1.53%) and Mw (0.18%) (rounded to
two decimal places). 11.12% of the beds assigned to this facies association do not have
a particular facies assigned to them as there are gaps in exposure which have been
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Figure 3.11: A - Example of a mud-dominated floodplain facies association with
brown, well-drained, poorly-formed argillic calcisol palaeosol present. B - Example
of a mud-dominated floodplain facies association with grey and purple, well-formed,
poorly-drained argillic calcisol palaeosol.
inferred to be part of the mud-dominated facies association based on the facies that
lay immediately above and below the poorly exposed areas. The beds within the mud-
dominated floodplain facies association are tabular, laterally extensive and are only
found to terminate when they are cross-cut by other facies associations. Palaeosols are
present in 10.57% of beds within this facies association, making their presence more
abundant than the sand-dominated floodplain facies association. The majority (two-
thirds) of the palaeosols are well-drained argillic palaeosols (Figure 3.11), with the
rest of the palaeosols being poorly drained argillic calcisols (Figure 3.11). Generally
the palaeosols within the mud-dominated facies association are better formed, with
more abundant root traces present, than those in the sand-dominated floodplain
facies association, as can be seen in Figure 3.11. However, these soils are generally
still regarded as being relatively poorly formed. These features collectively imply
that the sand-dominated floodplain environment was vegetated. An example of the
mud-dominated floodplain facies association can be seen in Figure 3.11B.
Collectively these characteristics represent deposition from unchannelised flow
within a floodplain environment (Walker & Cant, 1984; Nanson & Croke, 1992;
Collinson, 1996; Bridge, 2003). The high proportion of mud-bearing facies implies
deposition from settling from suspension processes was dominant. The higher abun-
dance and better formation of the palaeosols within this facies association compared
to the sand-dominated facies association implies sedimentation rates for this facies
association were lower. Low sedimentation rates could be due to either being spa-
tially a greater distance away from the channel or could represent a series of low
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Figure 3.12: Cartoon of the shallow ephemeral lake facies association.
magnitude events which had a limited sand fraction sediment supply.
3.2.3 Shallow ephemeral lake facies association
The shallow ephemeral lake facies association is predominately found within the Tid-
well Member and only on rare occasions within the Salt Wash Member and Sum-
merville Formation. The ephemeral lake facies association has been divided into
three different sub-facies associations. A cartoon of this facies association can be
found in Figure 3.12.
Gypsiferous lake facies association (6)
The gypsiferous lake facies association is composed solely of facies G. As discussed
in Section 2.2.12, the gypsum facies demonstrates precipitation from solar concen-
trated brines was occurring. The presence of tabular gypsum beds indicates there
were standing bodies of water present in an environment in which evaporation rates
exceeded water recharge rates. The deposits are individually no thicker than 2.1m,
with 95.8% of beds being <1m in thickness and do not extend laterally for more
than a kilometre uninterrupted, indicating the standing bodies of water were only
small shallow lake systems. The gypsum lakes are interbedded with both floodplain
facies association and other lake facies associations, indicating the standing bodies of
water were ephemeral in nature as they periodically dried-up and then filled (Rogers
& Astin, 1991). It is likely that the standing bodies of water formed within depres-
sions on the floodplain in which floodwaters collected and ponded before subsequently
drying-out. Gypsum deposits have also been noted by Peterson (1977, 1980, 1984),
within the study area.
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Carbonate lake facies association (7)
The carbonate lake facies association is composed of two facies; the CW facies
(98.69%) and Mh facies (1.31%) (rounded to two decimal places). As discussed
in Section 2.2.13, all of the limestone bed samples were interpreted to be wacke-
stones. The relatively fine grain size and good preservation of gastropods and other
such organisms and presence of charophytes indicates the calcium carbonate was de-
posited within a freshwater low energy environment. As with the gypsiferous lake
facies association the beds could not be traced laterally for more than a kilometre
uninterrupted with a maximum individual bed thickness of 1.2m being measured.
Again this indicates the lakes were relatively shallow and small. The carbonate lake
facies association is often interbedded with the clastic ephemeral lake and floodplain
facies association indicating the water chemistry changed periodically and the lakes
were ephemeral.
The presence of limestones have also been noted by Peterson (1980, 1984) and
Kjemperud et al. (2008) who all note the beds are freshwater lacustrine limestones.
Clastic ephemeral lake facies association (8)
The clastic ephemeral lake facies association is composed of facies Sw (38.25%),
Ms (15.62%), St (8.72%), Mh (6.69%), Mw (3.65%), Sr (3.24%) Sh (2.43%), Sp
(1.83%) and Ss (0.41%). 19.16% of the succession assigned to the clastic ephemeral
lake facies association does not have a particular facies assigned to it as there are
gaps in exposure which have been inferred to be part of the clastic ephemeral lake
facies association, an assumption that has been made based on the beds that lay
immediately above and below the gaps. The beds within this facies association are
tabular in nature and do not extend laterally for more than 500m. The beds have a
maximum thickness of 2.9m, with 95.7% of beds being thinner than 1m.
The facies Sw, Ms, Mh, Mw and Sh are inferred as deposits from either an os-
cillatory motion or settling from suspension processes. The facies St, Sr and Sp
suggest deposition from a unidirectional flow. The mud deposits are predominately
green/grey with no evidence for palaeosol development found. Collectively these
characteristics represent a shallow lacustrine environment in which there was a clas-
tic input (Hesse & Reading, 1978; Talbot & Allen, 1996). The presence of Steinchnus
and Cochlinus backs up this interpretation as they are described by Hasiotis (2004)
as being present in proximal lacustrine environments (Table 2.2). Interbedding with
floodplain facies, presence of wave-ripple lamination and general limited occurrence,
lateral extent and thickness of the beds within this facies association suggests the
standing bodies of water were small, shallow and ephemeral in nature. The lack of
mudcracks and associated evaporite deposits, and green grey colouration of muds in-
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Figure 3.13: Cartoon of the aeolian facies association.
dicates the area had a water supply rate that exceeded evaporation rates. The lakes
were probably formed as a result of water accumulating from flood events in subtle
depressions located on the floodplain rather than laterally extensive, deep lacustrine
deposits. Clastic input to the relatively quiet standing bodies of water is believed
to have been delivered from flood events, as represented by the tabular cross-bedded
and ripple-laminated sand sheets (Hesse & Reading, 1978).
Such deposits have also been described by Peterson (1977, 1980, 1984) and Tyler
& Ethridge (1983a) with the authors concluding the deposits were lacustrine deposits.
3.2.4 Aeolian facies association (9)
The St1 facies is the only facies present within the aeolian facies association. As
already mentioned in Chapter 2, the beds extend laterally for tens of kilometers
in well exposed areas and have an overall tabular geometry. The beds within this
facies association are composed of well sorted sands with large scale high-angled
trough cross-bedding, which have been interpreted to represent deposition by aeolian
processes. A cartoon of the aeolian facies association can be seen in Figure 3.13 and
an example picture from the field in Figure 3.14.
The purpose of this project was not to study the aeolian components in detail, but
note their presence and how the fluvial system interacts with the aeolian facies in a
regional context. The beds measured are classified as being within the Junction Creek
Sandstone and Bluff Sandstone Members, which are considered to be the same unit
but have unfortunately been given different stratigraphic names depending on loca-
tion within the Colorado Plateau (Condon & Peterson, 1986). There has been debate
in the past with regards to the stratigraphic framework in which the aeolian units
lie (O’Sullivan, 2010); however, observations from this study note aeolian sediments
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either directly below the Salt Wash fluvial system (Figure 3.14A), or interfinger with
the lower portions of the Salt Wash fluvial system. The Bluff/Junction Creek Sand-
stone Members were formed by winds derived from the west and southwest (Blakey,
1988; Turner & Peterson, 1998, 2004). Turner & Peterson (2004) argue the sediment
source for the aeolian sands was upwind dried up Salt Wash stream beds with justifi-
cation based purely on the stratigraphic interfingering relation the Salt Wash fluvial
beds have with aeolian deposits. Based on U-Pb ages of detrital zircons from the Bluff
Sandstone Dickinson & Gehrels (2009) conclude sediments from the Bluff Sandstone
were deposited by westerly derived winds that could have carried arc-derived grains
straight from the Cordilleran orogen to the Colorado Plateau. Dickinson & Gehrels
(2009) also note sediments from the Bluff Sandstone may be recycled sediments from
older aeolian sands. A detailed discussion on regional extent, interactions with the
Salt Wash fluvial system and resultant implications will be carried out in Chapter 8.
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Figure 3.15: Cartoon of the marginal marine facies association.
3.2.5 Marginal marine facies association (10)
The marginal marine facies association is composed of facies Mh (40%), Sh (17.52%),
Sw (13.05%), Sr (6.9%) and Ss (3.67%). 18.87% of the succession assigned to this
facies association does not have a particular facies assigned to it as the beds could
not be observed due to bad exposure. Gaps were placed into this facies association
based on the facies that lay directly above or below. All of the beds assigned to the
marginal marine facies association were present only within the Redwater Member
of the Stump Formation. As with the aeolian facies, the aim of this project was not
to study the Stump Formation in detail but note its presence and how the Salt Wash
fluvial system and related systems interact with it, the lithostratigraphic relation
between which is discussed in Chapter 8. The Redwater Member of the Stump
Formation represents a shallowing upward depositional package from marine shelf
settings to shoreface deposits (Wilcox, 2007)(Figure 3.15). Observations made in the
field support this interpretation with the base of successions being composed of fine
very dark grey shales which decrease in presence vertically up section being gradually
replaced by thickening and coarsening upwards wave-rippled sandstones (Figure 3.16).
A discussion on regional extent, interactions with the Salt Wash fluvial system and
resultant implications will be carried out in Chapter 8.
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Figure 3.16: A -
Redwater Member of the
Stump Formation. B -
An example of a
shallowing up package
found within the Stump
Formation. C - Sandy
portion of the Redwater
Member which is located
above a shale dominated
succession.
3.3 Modern day analogues for the depositional en-
vironments
As mentioned in 1.4, observations of modern day analogues to the facies associations
described in previous sections were made on the Gilbert DFS, Queensland, Australia.
Such observations helped gain an improved understanding of the processes that op-
erate in various environments and help gain an indication of how such environments
may be recorded in the geological record.
3.3.1 Laterally amalgamated channel-fill facies association
analogue
Laterally amalgamated channel-fill facies were observed on the Gilbert DFS, a plan-
form example of which can be seen in Figure 3.17. What is apparent from satellite
imagery (Figure 3.17B) is how much the active channel laterally shifts through time
to form the larger scale channel belt. This was also evident from field observations
of bank material of the active river with the banks being composed of older chan-
nel belt material rather than floodplain material (Figure 3.17C), thus demonstrating
that the current active channel is within the channel belt and reworking older channel
deposits. Through time these deposits will form a large sandstone sheet of amalga-
mated channel deposits, such as those seen in the LACF facies association in the Salt
Wash.
It is also apparent from modern day field observations how variable flow conditions
can be. The Gilbert River experiences tropical monsoonal rains in the summer (Jones
et al., 1993), and thus during summer months has a considerably higher discharge, as
is demonstrated in Figure 3.17D, where larger scale bar forms are present adjacent to
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a small lower flow stage river. This was also apparent by the presence of trash-lines
(>10m), high above the current flow conditions. The sinuous lower flow stage deposits
have a very limited preservation potential in comparison to the higher magnitude bars
that are deposited during high flow stages during the summer.
3.3.2 Isolated channel-fill facies association analogue
A modern analogue to the isolated channel-fill facies association was also observed on
the Gilbert DFS. As can be seen in Figure 3.18A and B, the smaller channels are much
more fixed in position compared to channel belt deposits. The two different channel-
fills appear to be spatially related with fixed channels being either adjacent to, as
seen in Figure 3.18A and C, or at a system scale, downstream of the main channel
belts in the distal areas (Figure 3.18B and D). Observation made on the Gilbert DFS,
both from field observations and satellite imagery, helped form the hypothesis that
the isolated channel-fill facies association are splay deposits or smaller downstream
distributive channels of the laterally amalgamated channel-fill facies association.
The assumption that the isolated channel-fill facies experiences a lower discharge
compared to the LACF facies association is demonstrated on the Gilbert DFS as the
smaller channels rarely had flowing water present, yet the main channel belts they
were adjacent to did. It was apparent from trash-lines that the fixed channels had
flow during high flood conditions, and it is suspected that it is during waning flow
conditions the simple channel-fills are deposited. This was particularly the case with
regards to splay deposits coming off the main channel belt rather than downstream
distributary channels.
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Figure 3.17: Diagram showing modern day example of channel belt-fill facies from
Gilbert DFS, Australia. A- Channel belt at near bank-full level. B - Google Earth
image (Google Earth, 2013) of medial section of the Gilbert DFS location:latitude
17◦16’44.31”S longitude 141◦57’14.71”E. Note the difference between the active
river width and the channel belt width. The channel has clearly been laterally
migrating within the channel belt. C - Coarse sandy bank material of active
channel. D - Low flow-stage Gilbert channel. Note the large bedforms formed
during higher flow stages. It is expected that deposits seen in D will be similar to
those formed by flow in A.
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3.3.3 Floodplain facies association
Floodplain environments were observed on the Gilbert DFS, however, the floodplain
environment on the Gilbert DFS can only be considered to be an analogue for flood-
plains on the Salt Wash fluvial system when considering depositional processes as the
interpreted climates are different. The Salt Wash fluvial system has been interpreted
as being a savannah type climate (Parrish et al., 2004), whereas the climate on the
Gilbert DFS is considered to be within a tropical monsoonal climate (Jones et al.,
1993). The difference in climate will therefore result in different vegetation, palaeosol
types and fauna being present on the two DFS and thus are not considered to be
comparable.
3.3.4 Ephemeral lake facies association analogue
Large lake systems were not observed on the Gilbert DFS, with only small scale
floodplain lakes being identified. The small scale floodplain lakes were situated within
depressions on the floodplain environment and are considered to be analogues for the
clastic ephemeral lake facies association found in the Salt Wash fluvial system. An
example of a floodplain lake can be seen in Figure 3.19.
The floodplain lakes are considered to be ephemeral in nature as firstly: a water-
mark above the present lake level could be seen indicating fluctuating lake levels
and secondly; evaporite deposits were also observed. The evaporite deposits were
small scale (approximately 200m in width) and found within subtle depressions on
the floodplain. The evaporite deposits were primarily found in the distal portions
of the DFS but were not limited to these areas. The evaporite deposits indicate the
floodplain lakes dried-out as a result of high evaporation to water recharge rates and
thus the lakes are ephemeral. The evaporite deposits are a good modern analogue for
the gypsiferous lake facies association found in the Salt Wash. An example gypsum
lake deposit from the Gilbert DFS can be see in Figure 3.20.
3.4 Summary
In summary ten different facies associations have been described and interpreted,
with modern day analogues being discussed where appropriate. Descriptions and
interpretations of the different facies associations will form the bases of subsequent
chapters where the spatial and vertical variability and interactions of the different
facies associations will be discussed.
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Figure 3.19: Image of a floodplain lake on the Gilbert DFS. Note the water-mark
on the periphery of the lake indicating the lake experienced fluctuating lake levels
and is ephemeral.
Figure 3.20: Image of an ephemeral lake on the Gilbert DFS. The white dusting is
the evaporite deposits.
Chapter 4
Describing and interpreting fluvial
deposits
4.1 Introduction
Bridge (1985, 1993, 2006); Hickin (1993); Miall (1995); Bristow (1996) and Ethridge
(2010), provide good detailed discussions on the use of fluvial planform classification
schemes, their application to the rock record and their apparent pitfalls. It is not
the aim of this chapter to repeat work of the authors but instead this section aims
to highlight the main concerns with fluvial planform classification from these review
papers with additional comments being provided based on experiences while studying
the Salt Wash fluvial system.
4.2 Modern day fluvial planform classification schemes
Classification schemes that define different fluvial planforms are available (Leopold
& Wolman, 1957, Rust, 1978 and Schumm, 1981, amongst others). Three basic plan-
forms were originally recognised: straight, meandering and braided (Leopold & Wol-
man, 1957), with an anastomosing planform being recognised in later classification
schemes (Miall, 1977). It is now regarded that straight and anastomosing planforms
do not belong within such classification schemes (Bridge, 2006) as straight chan-
nels occur due to flow not having the power to erode its banks while anastomosing
rivers cannot be placed within the same classification scheme as braided or anasto-
mosing as the individual channels within an anastomosing river are large enough to
contain bars and thus can be classified as being either meandering or braided. It
is recommended that the anastomosing planform should be considered in the same
classification scheme as tributary or distributary (Bridge, 2006).
As discussed by Bridge (2003), modern day classification schemes are often flawed
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as different planforms are not mutually exclusive as well as flaws existing with the pro-
cedures used to produce the classification schemes. It is now accepted that a contin-
uum of planforms are recognised in between the two end member types (Bridge, 1985;
Brierley & Hickin, 1991; Bristow, 1996; Miall, 1996; Ethridge, 2010) with Ethridge
(2010) stating there could be from three to forty different intermediate fluvial plan-
forms defined. Planform may be significantly affected by changes in discharge and
sediment load (Schumm, 1968). If a river experiences variable discharge and sediment
load, the channel will modify its planform in response to local conditions either on
a short term timescale, for instance during flood stages with flooding usually bring-
ing a reduction in sinuosity (Knighton, 1984; Bridge, 2003; Charlton, 2008), or on
a longer time scale a more permanent channel morphology adjustment may occur.
Consideration needs to be given to the flow stage at which planform is analysed for
classifications schemes and also when classifying a particular river. As commented by
Bridge (2003), planform should be ideally analysed at both low and high flow stages
over different time periods, however, the practicality of doing so makes this difficult,
and it is therefore recommended that planform descriptions are made at intermediate
flow stages. Ethridge (2010) also highlights planform type can change along a river
as a result of upstream, downstream and local controls affecting the river (Schumm,
2005). Similarly a change in planform at a given point may also occur. Therefore,
even if a planform is recognised within a particular reach, care needs to be taken
before extrapolating the interpretation across the whole system both spatially and
through time. It is recognised from several studies that geomorphic thresholds may
exist between different planforms (Ethridge, 2010).
4.3 Recognising fluvial planform within the rock
record
Despite discussion on the validity of modern day fluvial planform schemes existing,
it is common practice for a fluvial planform to be determined when studying fluvial
deposits. Parameters such as the sinuosity index and braiding parameter (Bridge,
1985) have traditionally been used on modern day systems to determine the planform
of a particular reach of a river (Friend & Sinha, 1993). However, such methods rely
on having a planform view available, something that is extremely rare within the rock
record. Defining a fluvial planform is a challenge within the rock record particularly
when there is such complexity within modern day river systems and ambiguity with
modern day classification schemes. Sedimentologists have in the past looked for
key sedimentological criteria that will help try and unlock the fluvial planform of a
deposit, which are discussed below.
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4.3.1 Vertical facies models
Vertical facies models have been utilised to help determine the original fluvial plan-
form. As commented by Nichols (2009) mid-channel bars, often associated with
braided rivers, and point bars, often associated with meandering systems, are key
areas of active deposition within a fluvial channel and as a result of this authors have
tried to develop criteria that recognise either mid-channel (braid bars) or point-bar
deposits. Early point bar models were developed by Allen (1964b), where the key
criteria for recognising the deposits were fining up sequences with the presence of
lateral accretion surfaces. Braid bar models have also been produced such as the
models produced by Miall (1978). An example of these two classic models can be
seen in Figure 4.1. These two basic models have been modified and built upon over
the years as a result of further research and understanding. Papers by Bridge (2003;
2006) are examples whereby complex vertical facies models of bars have been devel-
oped. However, what was evident from studying the Salt Wash fluvial system is many
models are challenging to apply to the rock record as a result of being too complex.
A concern with using mid-channel bars and point bars to aid planform identifi-
cation is there maybe a natural tendency for authors to place deposits into one of
the two end-member models, despite there being a whole spectrum of planforms in
between the two end-members. Miall (1996), recognised the need for intermediate
planforms and provides vertical lithofacies assemblages for sixteen different planform
types. Even though such work is a step forward it is important not to take such
models too literally as they are firstly idealised sections and secondly they rely on
complete vertical preservation, and when there are subtle differences between the
models misinterpretation can easily occur. It is questioned whether schemes with so
many different models are too complex to be realistically applied to the geological
record.
Bridge (2006) also questions the validity of vertical facies profiles as a method
of distinguishing channel planform as he argues different vertical sequences can be
generated depending on 1) the position within the bar and 2) the way in which the
bar migrates and preserves has more influence on the vertical porfile than planform
does. It is now recognised that vertical lithofacies models must be used in conjunction
with architectural panels in order for a more informed planform interpretation to be
made (Brierley & Hickin, 1991; Bristow, 1996; Ethridge, 2010).
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4.3.2 Diagnostic features used to recognise original planform
According to Ore (1964) and Jackson (1978), there is no one individual criteria to
establish whether a deposit is from a braided fluvial system, and instead a number of
criteria are usually needed, such as those given by Moody-Stuart (1966) and Bridge
(1985, 2006). Moody-Stuart (1966) identifies a lack of lateral accretion surfaces and
fine-filled channels, high width/depth ratios and an elongate sand body geometry as
being evidence for low-sinuosity streams. Bridge (2006)(p98) differentiates between
meandering and braided planforms by stating braided rivers have a higher abundance
of braid bars that are “bounded by coeval channels and of confluence regions bounded
by coeval side bars”. Lunt et al. (2004) note the recognition of stratification surfaces
that are firstly perpendicular to flow and secondly dip in opposite directions away
from each other as being indicative of braid bar deposits. Many authors regard the
identification of lateral accretion surfaces as being an indicator of channel sinuosity,
however this itself is questioned and shall now be discussed.
Validity of lateral accretion surfaces as diagnostic criteria
A lateral accretion surface is a surface that dips in a direction perpendicular to flow.
However, this method of discriminating whether you are looking at a downstream
accretion surface or a lateral accretion surface may not be strictly valid. As doc-
umented by Shukla et al. (1999) palaeocurrent directions on both braid bars and
point bars vary greatly depending on location on the bar surface. This has two main
implications; firstly as both bar types were observed to have a high palaeocurrent
variance, this cannot be used as a criteria to distinguish between meandering or
braided (Ethridge, 2010). Secondly, Shukla et al. (1999) demonstrate that palaeocur-
rent directions are oblique on both point bar and braid bars, particularly on the outer
edges of the bars (Figure 4.2).
This raises concerns about how easy it is to distinguish between downstream
accretion surfaces and lateral accretion surfaces if flow is commonly oblique on the
outer edges. It can also be seen in Figure 4.2 that the chance of obtaining the ‘classic’
point bar cross-section is very low and thus it is expected that point bar deposits may
be under represented within the geological record. In theory it may be very difficult
to create strictly perpendicular accretion surfaces as flow should, in some minor way,
deflect accretion in a downstream direction. Oblique palaeocurrent directions are also
noted by Edwards et al. (1983) on exhumed point bars from the Clear Fork Group;
by Bluck (1971) on the Endrick River, Scotland; on the Muddy River, Wyoming,
by Dietrich et al. (1979); and in the apex regions of exhumed point bars in the
Beufort Group, South Africa, by Smith (1987b). Edwards et al. (1983) relate the
obliquity to there being a transverse component of velocity due to helicodal flow and
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Figure 4.2: Palaeocurrent trends on a braid bar (A) and point bar (B) from the
Ganga River. Modified from Shukla et al. (1999). Note the red dotted lines
question where the ’classic’ point bar cross-section would lie with regards to
accretion surface orientation and palaeocurrent direction as palaeocurrent direction
is largely oblique across the bar in different directions. Accretion surface directions
were not taken by Shukla et al. (1999) as data was collected from exposed bar tops.
secondly, due to there being a strong transverse gradient of downstream sediment
transport. Edwards et al. (1983) (Figure 9) provide sketches demonstrating how
oblique ripples can occur. Dietrich et al. (1979) comment that the oblique direction
of dunes is essential in meandering streams due to the asymmetric distribution of
the shear stress field (Edwards et al., 1983). Modeling efforts of meander deposits by
Willis (1989) also found palaeocurrent directions varied across a point bar surface.
It is clear from the studies cited that our traditional view of point bar models with
respect to palaeocurrent directions needs addressing and further research such as that
conducted by Shukla et al. (1999) is needed in order for a better understanding of
the relationship between bar migration and palaeocurrent directions.
Consideration also needs to be given to whether lateral accretion surfaces are ubiq-
uitous to just meandering rivers (Ethridge, 2010). Allen (1983) and Jackson (1978)
state lateral accretion surfaces do not necessarily occur in all meandering streams
and can occur in braided streams. Bristow (1987) also notes from studies on the
Brahmaputra that lateral bars that are attached to the bank with subsidiary scroll
bars can occur in straight reaches of a river channel. Allen (1983) also demonstrates
the presence of lateral accretion surfaces within a braided system concluding that
lateral accretion surfaces alone are not sufficient to interpret channel planform. This
is also mirrored by Bridge (2006) who notes that braid bars have a component of
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lateral movement. Table 10.1 in Bristow (1996) shows how different processes that
may be traditionally viewed to occur within one channel form, can occur in both
meandering and braided systems such as lateral migration of channels, bend expan-
sion and translation with point bar formation and deposition and accumulation of a
central bar.
It is also questioned whether lateral accretion deposits represent a laterally mi-
grating bar, or whether you can infer channel sinuosity, something that is not easily
achieved without a planform view. For example, in the hypothetical situation in
Figure 4.3, the straight, laterally, or even obliquely, migrating bar and laterally mi-
grating point bar would produce the same result in a two-dimensional cross-section
with only a subtle difference in palaeocurrent directions differentiating between the
two. Therefore the resultant lateral accretion surfaces are non-unique. This point
is even more evident after palaeocurrent work by Shukla et al. (1999) on braid and
point bars, who demonstrate that both bar types have an oblique palaeocurrent di-
rection on the outer edges. It is clear from this range of studies, even if a set of lateral
accretion surfaces are observed, it cannot be certain they formed within a sinuous
reach. Care must also be taken when interpreting lateral bar movement with lateral
accretion surfaces as different scales of lateral accretion deposits exists, such as those
documentd by Stewart (1981) on the Isle of Wight, as larger scale lateral accretion
surfaces may be recording the lateral stepping of a whole channel rathen than just a
bar. As illustrated by Stewart (1981), inference of channel movement can be inferred
by recognising larger accretion sets that contain smaller accretion sets belonging to
bars (see Figure 4.3).
If lateral accretion surfaces are no longer perceived to be ubiquitous to meandering
rivers, the question: how do you recognise a meandering deposit? is raised. Heller
et al. (2007) note forced bars (point bars and alternate bars) and free bars (mid
channel bars) coexist within meandering and braided systems but argues that the
ratio between the two different bar types can indicate whether a deposit is from a
more braided than meandering river, with a higher ratio of forced bars indicating
deposition from a meandering river. This suggestion is based on modern day rivers
where recognising the ratio between the different bars is much easier than in the
geological record and in reality there would be few geological sections that this could
be applied to. Ethridge (2010) notes that there have been no data published on
the suggested criterion and thus there is still ambiguity with the proposed scheme.
Identifying a ratio between the two bar types to infer planform is also suggested
by Bridge (1985), but he also notes pitfalls in that lateral accretion surfaces are
not unique to meandering deposits. It is also questioned whether there is a natural
bias towards a particular bar type, firstly; in terms of one naturally being more
common than the other, irrespective of planform type and secondly; whether there
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Figure 4.3: A and B represent two hypothetical situations where a point bar and
a straight bar have an element of lateral migration. Both would produce a similar
cross-section (C) with only subtle differences in palaeocurrent. From this it can be
seen that even if lateral accretion surfaces are observed it cannot be sure they were
produced from a point bar. The same theory applies to the larger scale channel
movement, with the difference being that large scale lateral accretion surfaces
(representing the channel boundary) would contain smaller lateral accretion
surfaces (representing the bars). An example of this is documented by Stewart
(1981). In either scenario large scale channel sinuosity cannot be inferred. Arrows
indicate bar accretion direction.
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is a preservation bias towards a particular bar type. This was also noted by Bridge
(2003) who comments that downstream components of flood-stage deposits will be
preferentially preserved.
4.3.3 Planform identification within channel belts
The difficulties of interpreting fluvial planform is increasingly apparent when a river
is situated within a channel belt. It is commonly accepted that channels can laterally
migrate within a channel belt to form a sandstone sheet complex (Gibling, 2006).
An example of this can be seen in Figure 4.4 where a flowing river is present within
a channel belt, as is evident by relic now vegetated bars. It is particularly evident
within the Salt Wash fluvial system that lateral migration and reworking has occurred
as successive bar deposits erode into previous bar deposits (see Section 3.2.1). The
high degree of reworking makes applying vertical lithofacies models for different bar
types and planforms difficult as they are often based on complete vertical sequences,
something that can be difficult to find within a channel belt deposit.
The high degree of reworking also makes lateral accretion identification difficult
as they can remove mud drapes, which often aid their identification. Without such
breaks the channel belt deposits will be formed of bars that are laterally stacked upon
each other with inclined surfaces being difficult to identify within, with extra care
and attention being needed to identify the features. The deposits would be similar
to coarse-grained point bar models, examples of which are documented by McGowen
& Garner (1970) and Levey (1978). Examples of mud deficient point bar deposits
from the Salt Wash fluvial system can be seen in Figure 4.5. Fielding et al. (1999)
also voice the difficulties of recognising lateral accretion surfaces after GPR studies
on bar deposits within the variable discharge Burdekin River, Australia. The authors
note that lateral accretion surface identification would be difficult as the surfaces are
set at a very low angle and to observe such a subtle feature a wide-scale (200m wide)
view would be needed and as a result of this the deposits could be readily mistaken
for non-meandering deposits. This could be particularly true within channel belt
deposits where high degrees of reworking may interrupt the surface.
Care also needs to be taken when inferring a planform within a channel belt as the
channel planform may have changed through time and space as it laterally migrated.
Variable flow stages, and therefore planform, through time will be recorded within the
rock record. This could be particularly true within the Salt Wash fluvial system as the
deposits are considered to represent a ’flashy’ discharge regime (Robinson & McCabe,
1998, Turner & Peterson, 2004), and therefore it is probable that it experienced a
variety of planforms. Thus, even if a distinctive feature of one planform is spotted
within a channel belt complex, it must not be assumed that the whole complex
Chapter 4. Describing and interpreting fluvial deposits 119
Figure 4.4: A- Google Earth images (Google Earth, 2013) of a river migrating
within a channel belt in the proximal portion of the Pilcomayo DFS.
Location:latitude 21◦21’42.94”S longitude 63◦16’26.83”E
Figure 4.5: A-
Sand-rich lateral
accretion surfaces
observed at Vernal. B -
Sand-rich lateral
accretion surfaces
observed at Little Park.
Note the lack of mud
and the low angle of the
surfaces makes lateral
accretion identification
difficult.
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was deposited by the same planform. A preservation bias may exists towards low
frequency high magnitude flow conditions compared to high frequency low magnitude
flow conditions (Bridge, 2003). This is due to the latter being more likely eroded
away and replaced by the higher magnitude flow deposits or as commented by Bridge
(2003), lower flow stage deposits are likely to be superimposed onto higher flood
stage deposits. Thus the question is raised how representative are deposits within
the geological record of ‘normal’ flow stages and whether the deposits observed are
high flow stage deposits. This relates back to previous discussions on what flow
stages planform should be analysed. If deposits within the geological record are in
fact mainly the product of high flow stages with low flow stages reworking the higher
flow stage deposits, is it more relevant and applicable for classification schemes that
are used in the geological rock record to be based on high flow stage deposits within
the modern?
4.3.4 The importance of identifying fluvial planform
With such ambiguity in identifying fluvial planform in two-dimensional exposures it
is questioned why geologists still try to assign a planform to deposits studied, is it to
simply satisfy human nature of creating order out of nature? It can be argued there
is no need to define the original planform, particularly for channel belt deposits. It
can be argued that ultimately the original planform will have little impact on the
resultant geometry and dimensions of the sandstone sheet complex as eventually the
river will migrate and rework previous deposits to form a sheet sandstone complex
composed of amalgamated deposits. In this respect channel belt deposits are non-
unique as there is more than one way in which channel belt deposits can be formed,
with fluvial planform having little relation to the architecture of channel belt deposits
(Ethridge, 2010).
Although there is no apparent linkage between sandstone body dimension and
planform, geologists do try to define fluvial planform in order to gain an insight
into internal heterogeneities of sandstone bodies for application to the hydrocarbon
and hydrogeology industries. However, it must be considered how important fluvial
planform is in controlling internal heterogeneities as different channel patterns can be
formed in muddy, sandy and gravelly rivers (Bridge, 2006). It is speculated whether
the method by which a river migrates within a channel belt is of more significance, or
if migration method and planform are indeed interrelated. Bridge (2006) comments
that the shape, distribution and migration of bars dictate the channel planform with
water and sediment supply being the main controls on bar formation and geometry.
Thus if planform does not affect the emplacement of bars, should we concentrate on
how bars are emplaced within a channel belt over time in order to gain an insight
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into how channel belt bodies stack and give the resultant internal heterogeneities?
It is speculated whether the method of river migration, be it by a sweeping motion
across the channel belt or by avulsive mechanisms within the channel belt, can affect
the amount of reworking that occurs and therefore the internal heterogeneity. It
is speculated that a sweeping method of channel migration may result in less mud
being present within the channel belt due to high reworking rates, opposed to a more
avulsive style of channel migration which may result in the channel being more fixed
in position and just reworking deposits in its immediate area. The identification of
lateral accretion surfaces, be it on braid bars or point bars, could give insights into
how the river overall builds a channel belt complex. A high abundance of lateral
accretion surfaces will indicate a considerable amount of lateral migration occurred,
while a high degree of downstream accretion surfaces may indicate channel migration
occurred by a more avulsive or abrupt switching method within the channel belt. Note
that this is not indicating a particular planform but noting how the channel migrates
within a channel belt to form the resultant deposits. Following the assumption of
Schumm (1985), that meandering systems (i.e. laterally migrating) occur on relatively
low gradients, the ratio between the different bar types could also give insights into
the palaeoslope of the fluvial system with more lateral migration occurring on gentler
slopes. However, this is just speculative and studies would need to be conducted to
determine whether this is true.
Predicting how channels and bars migrate and preserve is extremely difficult with
modeling efforts in the past being of limited success as there are issues with scaling
and results not mirroring channel deposits correctly (Bridge, 2006). Despite there
being issues of scaling, useful insights can still be gained, such as those gained by
Van De Lageweg et al. (2013), who modeled a meandering gravel bed river over time
to see how the channel belt developed. The authors found that repeated point bar
growth and chute cut-off resulted in thinner, but a higher number of sets within
the the center of the channel belt than the outer edge of the belt, which was due to
higher reworking rates in the center of the channel belt. As a result of this it is better
to try and reconstruct palaeoflow conditions from data on the edge of the channel
belts as well as set thickness being able to give insights into the amount of reworking
(Van De Lageweg et al., 2013). Such studies can give unique insights into channel
belt development however the issues raised by Bridge (2006) still stand. Time-lapse
imagery of a river shifting within a channel belt may eliminate scaling issues that are
encountered with laboratory experiments. However, to the authors knowledge such
a study is not present within the general literature.
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Figure 4.6: Google
Earth (2013) image of
exhumed scroll bars from
the Salt Wash Member.
Location:latitude
38◦24’17.93”N longitude
111◦1’56.08”W
4.3.5 Concluding remarks on fluvial planform within the ge-
ological record
It is clear that the key pitfall when attempting to identify fluvial planform within the
geological record is there are no sound diagnostic features in two-dimensional form
that is ubiquitous to a particular planform. Mid-channel bars exist in both braided
and meandering modern day rivers and lateral accretion surfaces are present on braid
bars as well as point bars. The only conclusive evidence for channel sinuosity is to
identify scroll bars in planform. This is extremely rare within the geological record
with only a hand-full of documented examples being present such as those from the
Taref Formation, Egypt (Brookes, 2003); the Clear Form Group, Texas (Edwards
et al., 1983); the Beaufort Group, South Africa (Smith, 1987b) and the Salt Wash
Member, Utah (Holzweber, 2013). An example of exhumed point bars from the
Salt Wash Member can be seen in Figure 4.6. It is questioned whether focus needs to
change from planform identification to more of an emphasise on how the bars migrate
and stack to form deposits.
4.4 Description and classification of fluvial sys-
tems within the rock record
As commented by Miall (1999) (p2)“In a descriptive science like geology, there will
always be a need for classifications...to create order out of apparent chaos... they are
an attempt to understand genesis”. Many fluvial classifications schemes exist, all
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designed to help describe and interpret fluvial strata. The Salt Wash fluvial system
can be regarded as being a very well exposed fluvial system. Nevertheless, difficulties
were encountered when trying to apply current fluvial classification schemes, the
reasons for which shall be discussed within this section.
At the largest depositional scale are classification schemes that deal with the ge-
ometry of sandstone bodies. The Friend et al. (1979) and Gibling (2006) classification
schemes, which deal with the geometry of fluvial sandstone bodies, were found to be
appropriate and readily applicable to the Salt Wash fluvial system probably because
the schemes were developed from the rock record. The classification schemes were
found to not only be good descriptive tools but also provided important information
about the nature of the fluvial system; such as whether the channels were mobile or
relatively fixed in position. It is clear within the Salt Wash fluvial system that two
main types of fluvial channel sandstone bodies occur; isolated channels, commonly
referred to as ribbon or fixed channels within the literature; and sheet sandstones,
sometimes referred to as channel belts within the literature (Gibling, 2006). Gibling
(2006) differentiates between the two different geometries by stating that channel
belts have width to thickness ratio’s of >50, whereas ribbon channels have width
to thickness ratios of <50. Gibling (2006) importantly notes there is a continuum
of width to thickness ratios, however, there is an apparent clustering between the
two groups which defines the two geometries within the classification scheme. Friend
et al. (1979) from work on the Ebro basin, Spain, differently state channel sheets
have width:thickness ratios of >15:1, and ribbon channels have a ratio of <15:1.
The distinction between the two different types of sandstone body geometries formed
the basis for the distinction of two different fluvial channel facies associations within
the Salt Wash fluvial system, however, the scheme proposed by Gibling (2006) was
adopted as it is based on a wider range of deposits.
Other fluvial classification schemes deal with the internal organisation of sand-
stone bodies. Ramos & Sopena (1983) and Ramos et al. (1986) provide a good
descriptive classification scheme based on work on the Buntsandstein sequence, cen-
tral Spain. The classification scheme essentially builds upon vertical facies models
with the added consideration of geometry (Bristow, 1996). Although the concepts of
the scheme are here viewed to be a step forward and based on sound observations,
the schemes are based on gravelly river systems and so cannot be necessarily applied
to sand or mixed fluvial systems.
Miall’s (1985; 1996) schemes focus’s on architectural elements and bounding sur-
faces, building upon work by Allen (1983). Miall (1996) (p91) defines an architec-
tural element as being a “component of a depositional system equivalent in size to, or
smaller than a channel fill, and larger than an individual facies unit, characterised
by a distinctive facies assemblage, internal geometry, external form, and (in some
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instances) vertical profile”. A bounding surface is defined as being a surface that
bounds bodies of strata and can be used at different hierarchies (from Gibling (2006)
taken from (Miall, 1985, 1996)). Bristow (1996) notes that Miall’s adaptation of
Allen’s scheme resulted in the focus being switched to the identification of different
order bounding surfaces and composition of depositional elements rather than the
geometry of the deposits. Miall’s (1996) scheme has generally been widely applied
to outcrop exposures, although some criticisms have been voiced on the application
of the scheme by Bridge (1993), who claims the scheme mixes descriptive and in-
terpretive terms as well as using terms that are mutually exclusive (Bristow, 1996).
Miall’s attempts at applying temporal scales to the bounding surfaces have also been
criticised for being too time restrictive for each process as they should overlap in time
(Bridge, 1993) and for the application of temporal time scales to be unsound for the
geological rock record Bristow (1996).
Miall’s (1996) architectural elements and bounding surface scheme was applied
with varying degrees of success to the Salt Wash fluvial system. The downstream
accretion and lateral accretion elements were useful descriptive tools for describing
internal features of sandstone bodies. However, as pointed out by Bridge (1993),
several elements such as overbank fines and sediment gravity flow elements were not
applicable as they are interpretive rather than descriptive. It is recognised that an
element of interpretation is present when using the terms lateral and downstream
accretion, however, such terms can also be viewed as being descriptive as they are
providing information about the orientation of the accretion surface relative to palae-
oflow indicators. It is stressed here that noting such deposits should not immediately
lead to the interpretation of the deposits being from either meandering or braided
systems, but rather give an indication of bar migration direction. A more general
term such as inclined strata (Thomas et al., 1987), needs to be used in schemes so that
descriptive terms can still be used when palaeocurrent indicators are not available,
something that is certainly not uncommon at outcrops.
It was also recognised that the different hierarchies of bounding surfaces were
difficult to identify and differentiate at many of the outcrops where a large scale panel
view was not available. Four readily distinguishable orders of bounding surfaces were
recognised; bedform, barform, storey, and channel belt, as illustrated in 3.1, when
studying the Salt Wash. Issues with identifying different bounding surfaces have
also been raised by Bridge (1993), who claims it is difficult to differentiate between
Miall’s second through to fifth order bounding surfaces. Bridge (1993) offers a slightly
different hierarchal bounding surface scheme, however this itself was found to have
flaws when trying to apply to the Salt Wash fluvial system as the channel belt labeled
in Figure 4, is in fact only the active portion and if there is any lateral movement of
the channel within a belt another hierarchy is needed for a laterally migrating river
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as in its present state it only represents a fixed channel.
Lastly, vertical facies profile models have been extensively used as a method to
describe and classify a sedimentary sequence. As commented by Bristow (1996),
sedimentary logs, and therefore vertical facies analysis, is still the fundamental way
in which sedimentologist collect field data. Although this method of describing rocks
is still regarded as being a sound way in which to collect sedimentary data, there
are some limitations. Firstly it must be remembered that a sedimentary log captures
the nature of the rocks at that particular point and therefore they do not capture
the spatial variability that can be present. Consideration needs to be given to the
spatial variability encountered within fluvial strata and it is this problem that led to
the development of alluvial architectural analysis by Allen (1983) (Bristow, 1996).
Bridge (1993) argues codification of facies analysis by Miall (1977) tends to promote
apathy with regards to observations and descriptions of rocks. This criticism is
mirrored by Anderton (1985) who stresses the need for good descriptions within the
field in order for sound interpretations to be made. It is felt that Miall’s codification
scheme is a good starting point when classifying rocks at a facies level as long as
adaptations to the scheme are made to suit the deposits being studied, rather than
trying to make the rocks fit the scheme. Criticisms are also made by Bridge (1993)
with respect to Miall’s interpretations of various facies codes stating that they can be
misleading and incorrect (see Table 2 of Bridge (1993)) as well as being non-unique,
arguing that some lithofacies codes can be formed via more than one process. This
raises an important point for classification schemes related to the rock record in that
they should be used to classify the product, rather than the processes that formed
the product, as the products may be able to be formed via more than one method or
process.
Vertical profiles have been used to interpret the presence of different macro-scale
features such as barforms which subsequently lead to interpretations of channel plan-
form, the pitfalls of which have already been discussed. Sedimentary logs were found
to be a good method to collect field data, as long as information about the lateral
variability of sections was continually noted. The sedimentary logs were crucial in
conducting a facies analysis on the Salt Wash fluvial system, particularly when trying
to define the different processes and environments present as well as obtaining other
forms of useful data such as mud:sand ratios and percentage of facies present at the
different locations. Vertical facies analysis in this sense is still a valid and useful tool
in describing and interpreting sedimentary outcrops, as they are particularly useful
for comparison with core data from the subsurface. Although the critical comments
given by Bridge (1993) are in some respects valid, the lithofacies coding system, once
established was beneficial to the study to help shorten and speed up descriptions and
interpretations. However, vertical facies analysis was found to be most effective when
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combined with some form of architectural analysis.
All of the points discussed within this section were taken into consideration when
describing and interpreting Salt Wash fluvial strata, as presented in the following
section 4.5.
4.5 Characterisation of Salt Wash fluvial deposits
The challenge that many geologist face is translating complicated ambiguous schemes
into the rock record, particularly when there can be from three to as many as forty
different intermediate planform types defined (Ethridge, 2010). The subtle differences
between the different planforms are virtually impossible to distinguish within the
geological record due to exposure quality and preservation issues, the latter being
particularly evident within channel-belt sequences. These difficulties were apparent
when studying the Salt Wash deposits. Based on discussions in Section 4.2 and
experiences from studying the Salt Wash fluvial system the following work flow was
applied when describing and interpreting fluvial strata. It was found that a variety
of methods and fluvial classification schemes from the literature were most effective
rather than staying true to one particular scheme, which is presented below in Figure
4.7.
The first stage taken in the field was analyse the large scale external geometry of
the sandstone bodies; Gibling’s (2006) scheme was found to be the most applicable
to the Salt Wash. Key information about whether the fluvial channel was fixed in
position or migrating within a channel belt could be obtained from this data.
The second stage was to look at the internal geometries within the individual
sandstone bodies, which initially involved differentiating between bar surfaces and
storey surfaces (stage 2.1). It is believed the storey surfaces represent incision phases
of the active channel into previous deposits. Information about phases of incision
can be obtained by studying how many different storey surfaces are present and how
deeply they incise into previous deposits. When storey surfaces could not be identified
it was assumed that no significant channel incision into deposits occurred. The next
stage (stage 2.2) was to note the arrangement of the different surfaces in relation to
each other. Observations were made on whether the surfaces cross-cut each other in
a systematic nature in a particular direction, randomly juxtaposed onto one another,
or a mixture of the two as this can give insightful information about how the channel
belt built over time i.e. through avulsion or sweeping mechanisms. Information
about how substantial reworking was can also be inferred by looking at how deeply
the deposits cut into one another.
Stage 3 involved conducting a sedimentary facies analysis by compiling a sedimen-
tary log. Useful information such as grain size and bedform structures were recorded
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and used to determine facies associations. Information about the overall heterogene-
ity of the outcrop as well as the internal heterogeneity of the sandstone bodies was
gained from the sedimentary log data.
The final stage (stage 4) was to identify what type of bars were present by using
plaeocurrent data from stage 3 to determine whether the bar surfaces were lateral
accretion surfaces, identified when palaeocurrent deviated 45◦ or more from the ac-
cretion surface (and therefore roughly perpendicular to the accretion surface), or
downstream accretion surfaces, identified when palaeocurrent was roughly parallel to
the accretion surfaces (less than 45◦ deviation from the accretion surface). When a
surface could not be identified as being either downstream or lateral accretion sur-
faces its presence was still noted as ’inclined accretion surface’ as it is still important
to note the presence of bars. The presence of different types of bars were not used to
infer channel planform but instead were used to infer how the bars and river migrated
and built the channel deposits.
Once stages 1 to 4 were completed the information was collated for interpretation
purposes (stage 5). Collectively the four different stages allowed a systematic analysis
of the outcrops to occur, and once the information was collated conclusions about
the nature of the fluvial system could be made.
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4.6 The planform of the Salt Wash fluvial system
Attempts in the past have been made to try and characterise the Salt Wash fluvial
system. LeBaron (1980) notes that deposits studied in Montezuma Canyon, UT,
had both meandering and braided elements. Peterson (1977) concludes the deposits
he studied in the Henry Mountains area, UT, were deposited from a dominantly
braided system that had minor meandering elements. Tyler & Ethridge (1983b)
conclude deposits studied in the Slick Rock area, CO, were deposited by braided
streams with tributary channels to the main channel belts being sinuous in nature.
Peterson (1984) again comments on the deposits in the Henry Mountains area as
being deposited largely from braided streams but again notes elements of sinuosity
present. Robinson & McCabe (1997) (Henry Mountains, UT), Robinson & McCabe
(1998) (Henry Mountains, UT), Kjemperud et al. (2008) (Henry Mountains, UT),
Peterson (1980) (Henry Mountains and Kaiporowits, UT), and Tyler & Ethridge
(1983a) (Slick Rock area, CO) all only mention their deposits as being deposited
from braided rivers. Peterson (1984) and Robinson & McCabe (1998) both give the
criteria they used to establish their deposits as being braided, a summary of which
can be seen in Table 4.1. Evidence for meandering elements have been noted by
LeBaron (1980) in Montezuma Canyon and by Peterson (1977) and Peterson (1984)
in the Henry Mountains area. Meander belts have also been documented by Stokes
(1954) in the Blanding area, Cove Mesa, Northwest Carrizo area and King Tut Mesa
and by Fischer & Hilpert (1952) in the Uravan mineral belt. See Figure 4.8 for
locations cited by other authors. However, despite the documentation of meandering
features, it appears that general consensus from published literature is the original
planform of the Salt Wash fluvial system was braided.
Peterson (1984) Robinson & McCabe (1998)
Randomly distributed bedding types and
set thicknesses.
High sandstone:mudstone ratio.
Siliceous pebbles randomly distributed
throughout the bed rather than near the
base.
Scarce ripple-lamination in the upper part
of fining-upward units.
Lack of abundant and well-developed lat-
eral accretion surfaces.
Lack of lateral accretion surfaces.
Scarce isolated deep scours at the base of
beds rather than laterally offset channels
or lateral accretion deposits
Coarse grain size.
Tabular rather than pinch-and-swell na-
ture to sandstone beds.
Sheet-like geometry.
Abundant sets of planar cross-bedding
and horizontal-lamination.
Low dispersion of palaeocurrent vectors
over a thick sequence.
Table 4.1: Summary of criteria used by Peterson (1984) and Robinson & McCabe
(1998) to determine a braided planform for Salt Wash deposits.
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Some of the criteria listed in Table 4.1 are applicable to the laterally amalgamated
channel-fill facies association (Section 3.2.1). However, in several localities across the
system criteria that are indicative of meandering streams are also present, mainly in
the form of lateral accretion deposits and scroll bars. This study found lateral accre-
tion deposits present at eight locations across the area, the locations and evidence of
which are shown in Figure 4.8.
Holzweber (2013) documents the presence of several exhumed scroll bars that
indicate there were definitely sinuous elements present within the Salt Wash fluvial
system (Figure 4.8). It is clear from field evidence and a thorough literature review
that the Salt Wash system was not simply a braided river. This study is not suggest-
ing the Salt Wash fluvial system was meandering rather than braided, it is suggested
that too much emphasis has been put on the deposits as being braided in the past.
This view point is mirrored by Ethridge et al. (1980), who also state that too much
emphasis has been put onto the deposits as being braided. It is probable that the
Salt Wash fluvial system was deposited from a river system that had both lateral and
downstream accretion elements, as is evident from lateral accretion surfaces, scroll
bars and downstream accretion surfaces. Care is taken not to infer either a braided
or meandering planform for all of the reasons that are discussed in Section 4.3. Even
though a planform is not determined there is widespread evidence across the system
for lateral migration of both channels and bars, which helps give an idea of how the
channels migrated and built over time.
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4.7 Summary
It is apparent from modern day fluvial studies that rivers are diverse and compli-
cated systems. Different classification schemes for fluvial systems have been discussed
within this chapter. Discussions were largely based on experiences from studying the
Salt Wash fluvial system and it was found that many current classification schemes
had pitfalls with some being very difficult to apply to fluvial outcrops. It is raised
whether more care and attention needs to be paid to how the bar deposits stack
within a belt to gain an idea of how the river shifted and migrated through time.
The work flow used for describing and interpreting the Salt Wash fluvial strata was
presented in Figure 4.7.
Chapter 5
Defining the limits of the Salt
Wash fluvial system
5.1 Introduction
Defining the limits of a depositional system is not an easy exercise, particularly when
studying ancient fluvial systems. Within this chapter the method in which the apex
and toe of the Salt Wash fluvial system was obtained is presented.
5.2 Statistical estimation of the apex
Knowing the location of an apex can provide important and insightful palaeoenvi-
ronmental information, such as the potential location of the basin margin, as well as
help estimate and understand facies distributions and provide geological information
such as how much exposure is missing.
As alluded to in Chapter 1 the tectonic configuration and source are of the Morri-
son Formation, and more specifically the apices of the individual fluvial systems, are
not well constrained. It is known from palaeocurrent data (Craig et al., 1955) that
there are two main source areas for the Morrison Formation; the Mogollon Highlands
to the south and the Cordilleran orogenic belt to the west. Peterson (1987) attempted
to further constrain the source area from detrital clast age and composition infor-
mation and from this methodology proposed the Morrison source area lay in an area
that stretches from southwestern Nevada and western Utah, which Peterson terms
the ancestral Sevier highlands.
Authors in the past have attempted to estimate the source and apex location of
the Salt Wash fluvial system. Mullens & Freeman (1957) state that the apex is situ-
ated in south-central Utah, based on the observation that the thickest portion of the
Salt Wash is present there. However, their are problems with this assumption as it is
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not confidently known that the exposure analysed is indeed the most proximal deposit
of the original depositional system. Peterson (1986) attempts to identify a specific
source area based on petrology and mapping work. From this work he states most of
the sediment within the Salt Wash and Tidwell Members was derived from a source
area situated more than 160 km southwest and 100 km west of outcrops in northeast-
ern Arizona, with only some of the material for the system being sourced from older
Mesozoic formations in the southwestern and western parts of the region. Dickinson
& Gehrels (2008) postulates from U-Pb detrital zircon studies that the source for the
Salt Wash fluvial system was from the Sevier thrust belt or its antecedents, rather
than from the Mogollon highlands, based on the Westwater Canyon, a lateral DFS to
the east of the Salt Wash DFS, tapping a western portion of the Mogollon highlands.
However, the author does note that it is not impossible that the Salt Wash could
have, either wholly or partly, been sourced from Mogollon highlands.
A method used to by Craig et al. (1955) and Robinson & McCabe (1998) to find
the apex of the Salt Wash system system is to trace back palaeocurrent directions
and analyse facies distribution and thickness patterns, with estimated positions lying
somewhere within west-central to north-west Arizona, south-eastern California and
southern Nevada. The mean palaeocurrent direction from each locality studied was
traced back in a straight line, the result of which can be seen in Figure 5.1.
The overall pattern produced does not imply a distributive pattern as the lines
radiate outwards from the study area in all directions across Nevada, Arizona and
New Mexico, rather than uniformly crossing each other in a particular area. Despite
the wide distribution of lines, a cluster of crossing lines is observed in the Las Vegas,
NV, area, with the lines mainly being sourced from sites in the SE sector of the
study area. A more widespread clustering composed of fewer lines is also observed
north-west of Flagstaff, AZ, mainly from the sites located in the NW sector of the
study area. Although a small cluster of lines does exist, a strong indication of a
possible apex position is not considered to be displayed due to the small number of
lines involved. This method has obvious flaws with its simplicity being the main draw
back as it would rely on a strong radial morphology with no deviations from a radial
pattern to be present.
Jupp et al. (1987) describe a methodology whereby an apex’s location is sta-
tistically estimated. The methodology is based on the von Mises distribution of
palaeocurrents within a system and adopts the methodology of maximum likelihood,
to help determine a series of confidence regions. The code generates several models
with the number of parameters used within each model distinguishing the different
models. The quality of each model is then provided using the log-likelihood (2 log Lˆ)
and Akaike’s Information Criterion (AIC) (Jupp et al., 1987).
Jupp et al. (1987) successfully statistically estimated the apex of the Luna DFS
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Figure 5.1: Results for the Salt Wash fluvial system when the mean palaeocurrent
direction for each site is drawn backwards in a straight line.
in the Ebro Basin, Spain, with results complimenting estimates that were based on
facies distributions. However, the position of the neighbouring Huesca DFS was
estimated to lie outside of the well constrained sedimentary basin limit. Based on
facies distributions within the basin, Jupp et al. (1987) explain this to be the result
of the Huesca DFS having multiple apices along the basin margin, creating a bajada
type setting. It was decided to use the methodology presented in Jupp et al. (1987),
to statistically estimate the position of the Salt Wash apex based on palaeocurrent
data collected.
Work presented in the following sections was carried out in collaboration with
Peter Jupp, from the University of St Andrews, who provided the code for the sta-
tistical analysis. The mathematical principals used within the code are principally
the same as those outlined in Jupp et al. (1987), but have been transformed to make
analysis achievable using R (Ihaka & Gentleman, 1996) (available at http://www.r-
project.org/) by Peter Jupp. The data provided and subsequent interpretations made
are at the discretion of the author of this thesis.
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Figure 5.2: Illustration of methodology undertaken to obtain palaeocurrent
measurements for the Gilbert DFS. See text for description.
5.2.1 Statistically estimating the apex of the Gilbert DFS
To test the code provided by Jupp et al. (1987), a study was conducted on a modern
day DFS to see if it could place the apex, the position of which is known for a modern
system, within an acceptable margin of error. The Gilbert DFS, situated in the Gulf
of Carpentaria, Queensland, Australia, was chosen to test the methodology as the
apex and channels, both presently flowing and palaeochannels, are easily identifiable
on satellite imagery, as well as the DFS appearing to have experienced minimal human
modification.
A grid with 10X10km cells was placed onto Google Earth imagery of the Gilbert
DFS and within each cell 10 measurements along a channel or palaeochannel reach,
were obtained where possible (Figure 5.2). Measurements within each grid were as-
signed to one grid reference to help simulate geological conditions with palaeocurrent
variability. The measurements, attached to a latitude and longitude, were then in-
serted into the code (simulation 1). A description of each model can be found in
Table 5.1. The palaeocurrent dataset can be found within the file ‘Gilbert River
palaeocurrent readings simulation 1’ on the appendix CD.
From the code a graph and table showing the position of the calculated confidence
regions and apex location for each model is then output (Figure 5.3 and Table 5.2).
The graph was then imported into ArcGIS and accurately overlain onto satellite
imagery, the result of which can be seen in Figure 5.4.
As can be seen in Figure 5.4, the position of the apex of models Mk+2 and M3,
lie very close to the true apex, falling just beyond the 90% confidence region. Model
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Model Description Explanation
M2k M(µi,ki)
Allows both mean direction and concentrations to
vary with locations.
Mk+2 M(µi(c)ki)
Has mean directions that point away from the
apex with concentrations being able to be variable
at locations.
Mk+1 M(µi,k)
Allows variable mean directions at with
concentrations staying the same.
M3 M(µi(c)k)
Mean directions point away from the apex, with
equal concentrations at locations.
M2 M(µ,k)
Has the same mean direction and concentration at
each location.
Table 5.1: Description of the five different models. Essentially those models with c
presume an apex. Explanation provided by Peter Jupp pers comm.
Model Description 2 log Lˆ -AIC
estimated
location (long,
lat)
M2k M(µi,ki) 2747 2283 N/A
Mk+2 M(µi(c)ki) 2456 2220 142.41367, -17.56911
Mk+1 M(µi,k) 2486 2252 N/A
M3 M(µi(c)k) 2175 2169 142.45269, -17.59519
M2 M(µ,k) 1911 1907 N/A
Table 5.2: Results for simulation 1 of the Gilbert DFS dataset. This dataset
included all measurements taken (116 locations).
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Figure 5.3: Results from simulation 1 of the Gilbert DFS dataset. The dataset is
the original large dataset. Arrows indicate mean palaeocurrent direction within
each cell.
Figure 5.4: Results of simulation 1 of Gilbert dataset overlain onto satellite
imagery. Red X = Model Mk+2, red triangle = Model M3. The outer grey circle
defines the 90% confidence region and the inner grey circle defines the 95%
confidence region.
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Model Description 2 log Lˆ -AIC
estimated
location (long,
lat)
M2k M(µi,ki) 719 599 N/A
Mk+2 M(µi(c)ki) 657 593 142.41088, -17.55069
Mk+1 M(µi,k) 664 602 N/A
M3 M(µi(c)k) 591 585 142.44328,-17.58838
M2 M(µ,k) 534 530 N/A
Table 5.3: Results for simulation 2 of the Gilbert DFS dataset, which comprises
only 30 locations.
Mk+2, with the highest -AIC, lies 15.66km and model M3 lies 10.63km away from the
true apex of the Gilbert DFS. The predicted apex lies 15.92km away from the true
apex and given that the apex to toe length of the Gilbert DFS is 170km, this gives
an error of less than 10% on the total length of the DFS.
What is striking with the Gilbert dataset is a typical radial form is not observed,
instead the palaeocurrent patterns appear to be deflected west to south west, partic-
ularly in the most distal and southern portions of the DFS. A topographic variation
within the basin or wave action, at the toe of the system could be responsible for
the deflected directions. Despite an atypical palaeocurrent pattern, the methodology
presented by Jupp et al. (1987) still finds a respectable apex position.
To truly test the methodology it was decided to run a second simulation, in which
only a small number of sites are used to help mirror geological scenarios. Thirty sites
were selected at random using the ‘randbetween’ function within Excel. The results
from simulation 2 can be seen in Table 5.3 and Figures 5.5 and 5.6. The palaeocurrent
dataset can be found within the file ‘Gilbert River palaeocurrent readings simulation
1’ on the appendix CD.
As can be seen in Figure 5.6, even when only 30 locations are selected the pre-
dicted apex and associated confidence regions fall very closely to simulation 1 results
and the true apex. Model Mk+2 falls 17.25km, and model M3 11.84km, away from the
true apex of the Gilbert DFS. As expected the predicted apex location lies further
away from the true apex location and an increase in the confidence region size is
observed when simulation 2 results are compared to simulation 1 results. However, it
is considered that the differences between the two models are minimal, as is demon-
strated in Figure 5.7, with less than 2.5km existing between the two simulations,
despite a 74% reduction in dataset size. With both simulations, model Mk+2, which
possesses the highest -AIC number, falls the furthest away from the true apex. This
highlights an important point with regards to the methodology applied; as with all
models care should be taken when using the results too literally. The methodology
presented does not aim to pinpoint the exact location of an apex, but rather give a
Chapter 5. Defining the limits of the Salt Wash fluvial system 140
Figure 5.5: Results from simulation 2 of the Gilbert DFS dataset. Arrows indicate
mean palaeocurrent direction at each cell.
Figure 5.6: Results of simulation 2 of Gilbert dataset overlain onto satellite
imagery. Red X = Model Mk+2, red triangle = Model M3. The outer grey circle
defines the 90% confidence region, middle circle defines 95% and inner cirlce defines
the 95% confidence region.
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Figure 5.7: Results of both simulations on the Gilbert dataset relative to the true
apex. Red text and symbols represent simulation 1, blue simulation 2.
series of mathematically calculated regions in which, if an apex is assumed, it will
fall within a certain region when the data is re-run. For example, the 90% confidence
region provided represents a region in which if the model was re-run many times with
the dataset, 90% of the time the result will fall within the 90% confidence region
(Jupp, pers commun).
This technique is considered to give an improved indication of an apex location,
in comparison to other methods of finding the position of an apex. The study on
the Gilbert DFS has shown the mathematical principles behind the methodology
presented by Jupp et al. (1987) to be robust. This methodology will now be applied
to the Salt Wash fluvial system in an attempt to better constrain the position of the
apex, which has up to now has been poorly constrained.
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Model Description 2 log Lˆ -AIC
estimated
location (long,
lat)
M2k M(µi,ki) 556 448 N/A
Mk+2 M(µi(c)ki) 467 409 -112.37719, 36.49431
Mk+1 M(µi,k) 446 390 N/A
M3 M(µi(c)k) 361 355 -112.78419, 36.24382
M2 M(µ,k) 345 341 N/A
Table 5.4: Results for the Salt Wash dataset.
5.2.2 Statistically estimating the apex of the Salt Wash flu-
vial system
The dataset used to calculate the Salt Wash apex consists of palaeocurrent read-
ings taken from ripple-lamination and cross-bedding structures found within channel
sandstone bodies. Measurements from different sandstone bodies at each locality
were combined and assigned to one latitude and longitude location when calculating
the apex. The dataset was not subdivided into different sandstone bodies as it is not
possible to correlate the sandstone bodies from one locality to another. The dataset
used to calculate the apex can be seen in Appendix 1. The results can be seen in
Table 5.4 and Figures 5.8 and 5.9.
As can be seen in Figure 5.9, the apex for model Mk+2 lies 53km NW of the
Grand Canyon Village, AZ, and for model M3, 8 km west of Supai, AZ. The apex
positions produced from the code appear to be geologically sound and conform with
facies distributions observed and broad estimations given by Craig et al. (1955) and
Dickinson & Gehrels (2008). This result will help further refine palaeogeographic
models by allowing a delineation of the highlands to the south-west of the basin to be
further constrained. As can be seen in Figure 5.10, the position of the estimated apex
is very close to the syntaxis of the Cordilleran thrust belt and Mogollon Highlands.
However, it is worth noting that the timing of thrusting to the west is contentious
within the literature and therefore the position of the thrust belt in Figure 5.10 is
debatable.
Interestingly the estimates presented imply a substantial amount, 147km, of ex-
posure is missing between Fifty Mile Point, the most proximal locality studied, and
the apex of model Mk+2. This needs to be taken into consideration when analysing
spatial trends as Fifty Mile Point is not as proximal as some previous workers have
previously believed. The position of the apex from model Mk+2 shall be incorporated
into the spatial distribution analysis presented in subsequent sections as it has the
highest -AIC number. However, it is important to reiterate that although the posi-
tion of the apex for the Mk+2 model will be used to help define the x axis (distance
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Figure 5.8:
Results from
R for the Salt
Wash
dataset.
downstream) in the subsequent chapter, the position provided by the code should
not be taken too literally and rather it provides an improved statistically estimated
guidance. When using the technique described within this chapter, there is an im-
plicit assumption that the system is a DFS as you are assuming deposition occurred
downstream from an apex in a distributive manner. Further work needs to be con-
ducted to see what results are yielded from a tributive pattern of palaeocurrents. It
is hypothesised that a very broad large confidence region would be produced.
5.3 Defining the toe of the Salt Wash fluvial sys-
tem
Defining the toe of a system is not an easy task for geological systems. As will be
presented in the subsequent chapter, the Salt Wash fluvial system does not extend
as far as Vernal (see pullout 1 for labelled location map) as deposits here appear to
have been deposited from a different fluvial system. It is however unknown how far
the system extends in a NE direction beyond South Canyon, circled red in Figure 5.8.
Attempts were made to find the toe of the system by extrapolating out trends seen
for the sand:mud ratios, average channel thickness and fluvial section thickness data.
For each variable a logarithmic, linear and exponential trend line were applied to the
Chapter 5. Defining the limits of the Salt Wash fluvial system 144
Figure 5.9: Results from R for the Salt Wash dataset overlain into GIS.
Figure 5.10: Map
showing location of apex
estimation in context to
the Late Jurassic
tectonic regime.
Locations of major cities
are approximately
shown. Tectonic map
adapted from Spencer
et al. (2011)
Chapter 5. Defining the limits of the Salt Wash fluvial system 145
graphs. The trend line with the highest r2 value was then extrapolated forwards,
the results of which can be seen in Figure 5.11. A linear trend had the best fit for
the average channel belt thickness, sand percentage including and excluding gaps in
datasets. However, all but the trend line for sand percentage including gaps had r2
values that were below 0.5 and thus are considered to be weak trends . A logarithmic
trend line fitted best for the fluvial section thickness data, but again with a low r2
value.
When the different trend lines were extrapolated forwards different toe positions
were found, as is demonstrated in Figure 5.11, ranging in position from 650km to
>1500km away from the estimated apex. The low r2 values imply only weak trends
exist and thus it is not considered the results for the average channel belt thick-
ness, sand percentage excluding gaps and fluvial section thickness variable are robust
enough to be used. Although the sand percentage including gaps has a respectable
r2 value, issues still exist with this methodology as there is an assumption that the
percentage of sand will reduce to zero at the toe.
Hartley et al. (2010) define 5 different criteria from satellite imagery analysis
that determine the toe of a DFS based on different termination types. However,
the termination type for the Salt Wash fluvial system is not fully understood. It
is believed that the Salt Wash fluvial system eventually dies out into a wetland
environment as no axial system has been defined (Turner & Peterson, 2004). Hartley
et al. (2010) define the toe as being located as the most distal point at which a fluvial
planform can still be defined. Characteristics displayed at South Canyon corresponds
to the criteria given by Hartley et al. (2010) due to the scarcity of simple, small scale
fluvial channel bodies that are present. Although it is essentially unknown how much
further the Salt Wash fluvial system extends, South Canyon is considered to be a
fair assumption as no substantial facies changes would occur with increasing distance
beyond South Canyon regardless of termination type as the channels have already
started to dissipate, and should therefore not substantially alter the percentage axis
of the graphs. It was therefore decided to use South Canyon, the site furthest away
from the apex, as the toe of the system, as it has similar characteristics to those
described by Hartley et al. (2010). This gives the Salt Wash a potential apex to toe
length of 553km when using model Mk+2.
5.4 Conclusions
Within this chapter the methodologies used to define the apex and toe of the Salt
Wash fluvial system have been presented. The methodology used to statistically
estimate the position of an apex has been tested using a the Gilbert DFS, for which
the location of the apex is known. The results obtained were found to be very
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Figure 5.11: Three graphs showing the extrapolated trend lines in order to find
the toe of the Salt Wash system. Note the trend lines used for each graph are
shown in pink. The red X define the estimated toe position for each variable.
Chapter 5. Defining the limits of the Salt Wash fluvial system 147
encouraging within the apex being within 17km (∼10% of the total DFS length) of
the actual apex when calculated with a reduced dataset. The results for the Salt
Wash indicated the Salt Wash DFS was larger than initially proposed by Craig et al.
(1955) and also indicates the Salt Wash is sourced from the syntaxis of the Mogollon
and Sevier Highlands. The methodology presented has wider implications as it is
applicable to distributive systems, thus allowing a point source or apex location, to
be statistically estimated for other depositional environments such as DFS, deltas,
submarine fans and trough fans allowing further palaeogeographical refinement such
as ice sheet extent in the case of trough fans to be gained. The values obtained
from the calculations shall be used in subsequent chapters to aid spatial distribution
analysis.
Chapter 6
Spatial trends in the Salt Wash
fluvial system
6.1 Introduction
Within this chapter a quantitative and qualitative analysis on the spatial distribution
of different characteristics of the Salt Wash fluvial system will be presented. Only
facies belonging to the Salt Wash fluvial system will be analysed. The aeolian facies
association of the Junction Creek Sandstone and Bluff Sandstone Members, and the
marginal marine facies association of the Redwater Member will be analysed in a
separate chapter. The localities Collet Canyon and Montezuma Canyon have been
largely taken out of the analysis as they are considered to be incomplete sections.
6.2 Methodology
A spatial analysis on each of the fluvial facies associations described in Chapter 3 has
been conducted by plotting values onto a map. Computer generated contour maps
were found to be geologically unreasonable and therefore contours, where applicable,
were drawn by hand so that other palaeogeographic information could be incorpo-
rated. Data is also analysed on a graph where the characteristic is plotted against
distance from apex and percentage downstream. Data collected at Vernal was left
out of any graphical analysis, the reasons for which shall be discussed in subsequent
sections. The methodology on how the positions of the apex and toe was obtained is
presented in Chapter 5.
The four different characteristics for each facies association being analysed are:
• The total thickness of each facies association at each locality.
• The average unit thickness for each facies association. This is defined as being
the bed for all but the LACF association where it is defined as being the channel
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belt thickness. The floodplain facies associations often had limited exposure
and therefore for this facies association only beds that were present, rather
than inferred, were included in any calculations.
• The percentage of each facies association present at each locality.
• The weighted average grain size of the whole facies association.
For each graph a regression analysis has been undertaken to see how statistically
significant observed trends are. Where appropriate a test for autocorrelation is con-
ducted to determine whether the values were dependent on one-another using the
Durbin-Watson test (d):
d =
∑T
t=2(et − et−1)2∑T
t=1 e
2
t
(6.1)
where T = Number of data points, and et = difference between the estimated
point and actual point (Durbin & Watson, 1950). If the dataset is found not to be
autocorrelated the Spearmans rank correlation coefficient for monotonic trends (ρ) is
used to indicate the strength of any trends using:
ρ = 1− 6
∑n
i=1[R(xi)−R(yi)]2
n(n2 − 1) (6.2)
where R(xi) and R(yi) = the two sets of ranks and n = number of pairs of
observations (Davis, 2002). The Spearmans rank correlation was used as the original
dataset is non parametric (i.e. based on discrete datasets such as grain size).
The critical value is then calculated to test how likely the results occurred by
chance using tables provided on p613 in Davis (2002). The Durbin-Watson test
result (d), the Spearmans rank correlation coefficient (ρ), and its critical value (CV)
are displayed on each graph. A map is provided in pullout 1, indicating the studied
locations. The dataset for this chapter can be found on the appendix CD within the
file ’spatial analysis’. The original data from which characteristics were extracted
from can be found in the file ‘Raw sedimentary log data’.
6.3 Overall spatial trends
6.3.1 Palaeocurrent analysis
The data analysed is taken from cross-bedding, current ripple-lamination and chan-
nel edge readings. All data for the Salt Wash fluvial system can be seen on the ap-
pendix CD within the files ‘Salt Wash system palaeocurrent readings’ and ‘palaeocur-
rent plots’. As can be seen in Figure 6.1 the LACF facies association has a radial
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palaeocurrent pattern that spreads outwards in a north-eastern and eastern direction.
The palaeocurrent readings appear to emanate from an area close to the Fifty Mile
Point and Collet Canyon area. This pattern further supports apex position inter-
pretations made in Chapter 5. The broad radial palaeocurrent pattern suggests the
Salt Wash fluvial system was deposited by DFS (Weissmann et al., 2010). These
observations and interpretations agree with those made by Craig et al. (1955) and
Mullens & Freeman (1957).
The isolated channel-fill facies association has a less consistent palaeocurrent pat-
tern than the laterally amalgamated channel-fill facies association. However, despite
the higher degree of variation a broad north-eastern flow direction can still be inferred.
When data are available for both facies associations, four out of eleven locations have
a palaeocurrent direction that is within 10 degrees of each other. Those that are not
within 10 degrees of the LACF directions deviate away from the main trunk channels
of the laterally amalgamated channel-fill facies association yet still go in the same
overall direction. This data supports interpretations made in Chapter 3 that the iso-
lated channel-fills are distributary channels of the main trunk channels of the LACF
facies association.
Colorado National Monument is a clear anomaly as it has a mean palaeocurrent
direction that is heading in a southern direction, which is inconsistent with the general
palaeocurrent trend for the Salt Wash fluvial system. It is not believed that the results
are due to human error as a similar palaeocurrent direction was concluded by others
studying the same site (Anna Kulikova, Pers comm) and thus it is hypothesised
that this site is recording a strong local variation within the fluvial system. Vernal
also has a palaeocurrent direction that is inconsistent with the general palaeocurrent
trend for the Salt Wash fluvial system. General palaeocurrent observations made on
the eastern side of Dinosaur National Monument, west of Vernal, also indicated an
eastern direction (green in Figure 6.1). It is hypothesised that these sites represent
a different fluvial system, that is similar in age to the Salt Wash fluvial system,
with a source area located to the west. However, further evidence is needed for this
hypothesis to be fully accepted.
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Figure 6.1: Mean palaeocurrent directions for the LACF facies association and
isolated channel-fill facies association at each locality. Green arrow shows
generalised directions observed on the eastern margin of Dinosoar National
Monument.
6.3.2 Whole fluvial section thickness analysis
Thickness analysis
A downstream change in fluvial section thickness is observed in Figures 6.2 and 6.3,
with a maximum thickness of 174m being recorded in the most proximal areas, and
a minimum of 40m being recorded within the distal area. On a scatter graph plot
(Figure 6.3), a general downstream decrease in fluvial section thickness is observed.
A low ρ value of -0.36 indicates only a weak negative correlation between distance
from apex and fluvial section thickness exists, which is also apparent when observing
how far the data points deviate away from the linear trendline.
In Figure 6.2, the thickest portion is present in the south-western portion of
the system which extends, but gradually decreases, in a north-easterly direction.
Thickness variations are also observed laterally with a general decrease occurring
towards the periphery of the system. Sections within the north-western sector are
observed to be considerably thinner than sections in the south-eastern sector of the
fluvial system. For example, Dewey has a total thickness of 51m yet Polar Mesa has
a total thickness of 105m, despite being situated only 22km away. This trend is also
seen at Colorado National Monument where a total thickness of 59m is recorded while
Little Park has a total thickness of 115m, only 11km away. A dividing line between
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Figure 6.2: A contour map for fluvial section thickness data. The red line depicts
a NE-SW trending divide in thickness laterally across the system with the
north-west sector being thinner than the south-east sector. Map extended beyond
contour region to show position of estimated apex.
the two portions can be seen in Figure 6.2. The lateral change in fluvial thickness
may help explain why a small ρ value and weak trend is seen on a scatter graph as
it is analysing the straight line distance of each location from the apex and does not
take into account the lateral radial variation in the different zones.
Vernal, again is an anomaly to the general trend, as it should be one of the thinnest
sections according to the general trend observed, yet a total fluvial thickness of 73m
was recorded (Figure 6.2), providing further evidence for the proposed hypothesis
that the rocks at Vernal represent a different fluvial system.
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Figure 6.3: A graph showing the relationship between distance from apex
(absolute km and % downstream) and fluvial section thickness. Green line depicts
linear trendline.
Grain size analysis
The weighted average grain size for the whole section, i.e. all facies associations, was
calculated. As can be seen in Figure 6.4, a moderate to good positive correlation
is observed when the two variables are plotted against each other. This is further
indicated by a ρ value of 0.66, implying a downstream decrease in overall grain size
is present from proximal to distal locations. This general trend is also observed when
the data is presented on a map as shown by the radial contour pattern in Figure 6.5.
Although the coarsest grain sizes are generally found in the most proximal sec-
tions, and the finest in the most distal sections, deviations from this trend are ob-
served in both Figures 6.4 and 6.5. Halls Creek and Durango both possess relatively
fine grain sizes while Chimney Rock Rd and Smith Fork have relatively coarse grain
sizes. Kane Springs also has a relatively fine grain size for its distance from the apex,
however, this is only noticeable in Figure 6.5 and not in Figure 6.4.
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Figure 6.4: A graph showing the relationship between weighted average grain size
for each fluvial section and distance from apex (absolute km and % downstream).
Green line represent the linear trend line.
Figure 6.5: A contour map showing the spatial distribution of the weighted
average grain size for each fluvial section. The grain size has been converted from φ
to Wentworth class nomenclature. Map extended beyond contour region to show
position of estimated apex.
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6.3.3 Sand percentage analysis
The percentage of sand present at each locality was calculated from one-dimensional
data from sedimentary logs. Due to incomplete exposures gaps are present within the
sedimentary logs. Two sand percentage calculations were done; the first excluding
any gaps from the calculations and a second that assumed any gaps were mud.
As can be seen in Figure 6.6, there is a clear difference in values between the
two different calculations. The contour map for the percentage of sand present that
includes and presumes gaps are mud, can be seen in Figure 6.7. A clear trend is
observed with the highest sand percentages being found at the most proximal loca-
tions, such as 75% at Bullfrog and 74% at Caineville and the lowest sand percentages
being found at the most distal locations such as 8% at Blue Mesa Reservoir and 26%
at South Canyon (Figure 6.6 and 6.7). Again Vernal is an anomaly to the general
trend possessing 57% sand, rather than having one of the lowest sand percentages. A
downstream decrease in sand percentage is also apparent when the data are plotted
onto a scatter graph. A ρ value of -0.83 indicates a credible negative correlation
exists. Although both forms of data presentation show clear downstream changes, it
is only apparent on a map that a radial pattern is present.
The same clear trends are not observed when analysing the sand percentage calcu-
lations that exclude gaps. A weak downstream decrease is observed in Figure 6.6 and
as a ρ value of -0.58 shows, this is much weaker than the calculations that presume
gaps present are mud. Drawing contours onto a map containing calculations that
excluded gaps was not easily achievable. As can be seen in Figure 6.8, relatively high
values are present throughout the system with most of the relatively proximal and
medial locations having >90% sand present. This value was not observed to vastly
decrease downstream. However, as the scatter graph suggests, a very crude trend is
observed with the lowest sand percentages generally being present in the most distal
sections, such as 55% at Colorado National Monument, 59% at Little Park and 8%
at Blue Mesa Reservoir. Anomalies to the general trend are present at South Canyon
(65% sand) and Smith Fork (89% sand) which are likely to be the cause of a lower ρ
value.
It is clear from both the maps and graph that a stronger trend is observed when
gaps are assumed to be mud. This is particularly clear when you contrast how much
further the data points deviate from the linear trendline for the dataset that excludes
gaps compared to the dataset that includes gaps. Identifying which has a stronger
trend is important as there is a considerable difference between the two calculations,
with calculations that include gaps having ∼20% less sand present than calculations
that exclude gaps. The validity of the dataset that excludes gaps is questioned as it is
presuming that the rocks that are exposed are representative of the whole succession.
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Figure 6.6: A graph showing the relationship between distance (absolute km and
% downstream) from apex and sand percentage present at each locality. The
coloured lines depict the linear trend lines for the corresponding dataset.
At many of the sites it was clear that although there was limited exposure, the sands
may be more preferentially exposed, and thus if the gaps were not assumed to be
mud an incorrect impression of the sand:mud ratio would be given. The dataset
which includes gaps also fits better into the apex prediction estimates due to its
lower values as the other dataset had considerably high values (90%) considering
they are potentially over 20% down the system. It is thus recommended that this
dataset should be used within future models and when comparisons between different
systems are made.
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Figure 6.7: A contour map showing the percentage of sand present at each
locality. This map represents calculations that assume gaps in exposure are mud.
Yellow lines depict smoothed out repeated trends. Map extended beyond contour
region to show position of estimated apex.
Figure 6.8: A map showing the percentage of sand present at each locality. This
map represents calculations that exclude gaps. Note data points are percentages.
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Figure 6.9: A map showing the position of the photopanels seen in Figure 6.10,
6.11 and 6.12.
6.3.4 Fluvial architecture spatial variations
The architecture of the Salt Wash fluvial system was noted to vary spatially across
the system. To analyse changes in architecture photo-panels of outcrop belts were
constructed when exposure permitted. The locations of the different panels discussed
below are presented in Figure 6.9.
Proximal
In the most proximal sections, such as Fifty Mile Point and Bullfrog (Figure 6.10),
the outcrops are composed of laterally extensive highly amalgamated channel sheet
sandstones. The sandstone complexes can be traced for up to 10km, with a high
degree of amalgamation implying high connectivity between the sandstone bodies.
As can be seen in Figure 6.10, floodplain deposits form discrete pockets which are
not laterally extensive due to being laterally cut of by eroding channel. This implies a
high degree of floodplain reworking, channel shifting and reoccupation was occurring
in relatively proximal areas.
Medial
In the more medial sections a change in fluvial architecture is observed (Figure 6.11).
The channel sandstone bodies become less amalgamated and are organised into dis-
tinct channel belt packages with packages of floodplain fines clearly separating the
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channel belt complexes. The sandstone packages, as can be seen in Figure 6.11, are
still laterally extensive (>1km in lateral extent) and do interconnect and amalgamate
in places. This observation implies there is potential connectivity between the sand-
stone bodies, however, not all sandstone packages were observed to be connected to
other channel belt packages. A detailed three-dimensional study is needed to quantify
and determine the extent of connectivity between the sandstone bodies. Floodplain
packages are much thicker and extend laterally for greater distances when compared
to relatively proximal sections indicating less reworking, a higher accommodation to
sediment supply regime and better preservation of floodplain.
Distal
At the most distal outcrops another change in overall fluvial architecture is observed.
As can be seen in Figure 6.12, the sandstone bodies comprise only a small proportion
of the outcrop. The individual channel sandstone bodies have a ribbon like geometry,
as opposed to the dominance of channel sheet sandstone bodies observed in the
relatively proximal and medial areas with no apparent amalgamation or connectivity
between the individual bodies occurring. The channel bodies have a maximum lateral
extent of 500m and are generally much thinner than the channel bodies observed in
the relatively proximal and medial reaches. The floodplain deposits dominate the
successions in the most distal portions with only a small proportion being apparently
eroded away at the channel boundaries.
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6.4 Spatial trends for fluvial channel facies associ-
ations
As can be seen in Figure 6.13, there is a clear change in the distribution of facies
associations across the system. The most proximal sections are dominated by the
LACF facies association, but the presence of the LACF facies association diminishes
further downstream. The reverse trend is observed for the floodplain facies association
where it only comprises a small percentage of the fluvial section in the most proximal
sections and dominates the succession in the most distal sections. Both the ephemeral
lake and isolated channel facies associations do not have a clear downstream trend in
appearance.
Each facies association shall be analysed in further detail in the subsequent sub-
sections.
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6.4.1 Laterally amalgamated channel-fill facies association
(LACF)
Total thickness
Patterns observed for the fluvial section thickness data are also observed when analysing
the cumulative thickness of the LACF facies association at each locality. As seen in
Figure 6.14 and 6.15, a downstream decrease in cumulative thickness is observed from
107m in the most proximal areas to 0m in the most distal locations. The strong neg-
ative correlation is evident with a ρ value of -0.74. A distorted radial contour pattern
is present in Figure 6.14, the cause of which is the result of a difference in thickness
across the system as depicted by the red dotted line. Sections within the NW sector
are considerably thinner than those within the SE sector. The lateral divide is only
subtly expressed by a jagged pattern in Figure 6.15, with the sections within the NW
sector lying within the pink circle at the base of the jagged pattern and those in the
SE sector lying above. Again Vernal is an anomaly to the general trend being much
thicker than expected according to the general trend observed. Summit Canyon is
also an anomaly to the general trend being 20m thinner than Slick Rock which is
only 10km away.
Average Channel belt thickness
The average thickness of each channel belt within the LACF facies association was
calculated. As observed in Figure 6.16 and demonstrated by a ρ value of -0.66, a mod-
erate negative correlation is present. The thickest average values are generally found
at the most proximal locations, such as 9.1m at Bullfrog and 15.2m at Caineville, and
thinnest at the most distal locations, such as 4.5m at Colorado National Monument
and 0m at South Canyon and Blue Mesa Reservoir. However, as is well demonstrated
in Figure 6.17, there are a number of anomalies to the general trend, particularly at
the most distal locations, that make contouring the data very difficult. For example,
an average thickness of 7m was calculated at Smith Fork and 6.3m at Little Park,
where beds are expected to be thinner according to the general trend. Thinner aver-
ages are also found further upstream such as 2.2m at Dewey and 3.8m at Chimney
Rock Rd. The range in belt thickness appears to crudely decrease downstream with
the lowest ranges being present in the most distal locations and the larger ranges
in the more proximal locations. However, there are anomalies to this crude trend
throughout such as the small ranges being observed at Fifty Mile Point and Bullfrog
and large ranges at Slick rock Rock and Kane Springs.
A decrease in belt size could signify a decrease in channel depth downstream or
indicate a decrease in the degree of amalgamation. When analysed in conjunction
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Figure 6.14: A contour map showing the cumulative thickness of the laterally
amalgamated channel-fill facies association at each site. The red line depicts a
lateral divide in thickness across the system. Map extended beyond contour region
to show position of estimated apex.
Figure 6.15: A scatter graph showing the relationship between cumulative
thickness for the two channel facies associations and distance from apex (absolute
km and % downstream). Points that lie within the pink circle are those that are
located in the NW sector of the system for LACF facies association. Coloured lines
represent the linear trendline for corresponding datasets.
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Figure 6.16: A map showing the calculated average channel belt thickness for
each locality. Data points are in metres.
with the architectural panels, it is evident that a decrease in channel amalgamation
may be the primary cause of a decreasing average belt thickness downstream. The
decrease in the range of belt thickness also favours this interpretation as it is seen
as unlikely to have such high variability in channel depths at the same locality, with
a higher degree of reworking being a more plausible interpretation. A decrease in
channel depth downstream could also be contributing to the decrease in average
LACF belt thickness. However, this was not able to be qualitatively or quantitatively
analysed as obtaining channel depths within the belts is not easily achieved due to
the high degree of cross-cutting and reworking within the channel belts.
Percentage of fluvial succession
As observed in Figure 6.19, and indicated by a high ρ value of -0.88, a strong negative
correlation exists between percentage of LACF facies association present and distance
from apex. This trend is also clear when plotted onto a map (Figure 6.19) with the
highest values being found at the most proximal localities, such as 66.8% at Bullfrog
and 61.4% at Fifty Mile Point, and the lowest values at the most distal locations,
such as 7.6% at Colorado National Monument and 0% at South Canyon and Blue
Mesa Reservoir. As is annotated in Figure 6.19, a clear radial contour pattern is
present. Interestingly the contour lines appear unaffected by the NE-SW trending
thickness divide, indicating that even though a difference in thickness is observed the
distribution of the facies laterally remains largely unaffected and consistent. This
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Figure 6.17: A graph showing the relationship between LACF average belt
thickness and distance from apex (absolute km and % downstream). Yellow line
represents the linear trendline for the dataset.
is also the case between Summit Canyon and Slick Rock where a clear thickness
variation exists (Figure 6.14), yet little difference in the percentage of LACF facies
association is observed between the two localities. Again Vernal is an anomaly to
the general trend having a value that is more consistent with medial localities than
a distal locality.
Average grain size
A clear downstream increase or decrease was not identified. A weak positive corre-
lation is indicated by a low ρ value of 0.11 and by the large deviation of the data
points away from the linear trendline (Figure 6.21). It is also worth noting that the
confidence of the data is weaker due to a CV value of >0.2 existing, indicating that
the results have a 20% chance of occurring by chance. Coarser grain sizes are found
in the more proximal locations, such as very coarse sand at Bullfrog, with finer grain
sizes being identified in the center of the system at locations closest to the Utah and
Colorado border, such as medium sand at Polar Mesa, Summit Canyon and Slick
Rock. However, the grain sizes at the most distal localities were found to be a mix-
ture of relatively coarse grain sizes, such as very coarse sand at Smith Fork (circled in
Figure 6.21) and fine grain sizes, such as medium sand at Dominguez Canyon. A dis-
cussion on possible causes of the trends observed can be found within the discussion
section of this chapter.
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Figure 6.18: A map showing the percentage the laterally amalgamated channel-fill
facies association present each site. Dotted black lines represent smoothed out
general patterns. Map extended beyond contour region to show position of
estimated apex.
Figure 6.19: A graph showing the relationship between percentage of channel
facies associations present and distance from apex (absolute km and %
downstream). Coloured lines represent trendlines for corresponding datasets.
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Figure 6.20: A map showing the weighted average grain size for the laterally
amalgamated channel-fill facies association at each locality. Localities with circles
around them indicate localities at which an unexpected coarse grain size is present.
Figure 6.21: A graph showing the relationship between the weighted average grain
size for each channel facies association and distance from apex (absolute km and %
downstream). Coloured lines represent linear trendlines for corresponding datasets.
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Figure 6.22: A map showing the total thickness of the isolated channel-fill facies
association at each locality. Measurements are in metres
6.4.2 Isolated channel-fill facies association
Total thickness
A downstream increase or decrease in the isolated channel-fill cumulative thickness
was not observed, as is indicated by the flat trendline present in Figure 6.15. As
can be seen in Figure 6.22 a mixture of thick and thin cumulative thickness’s are
observed from relatively proximal areas through to relatively distal areas. A low ρ
value of 0.17 supports trends observed in Figure 6.22. It is however clear in Figure
6.15 and 6.22 that the collective presence of the isolated channel-fill facies association
is considerably smaller in the proximal and medial areas when compared to the cu-
mulative thickness of the LACF facies association, but the two different associations
do however level out to more equal values in the distal domain.
Average unit thickness
Again no clear downstream trends in average unit thickness was identified for the iso-
lated channel-fill facies association. Relatively thick averages were recorded at both
proximal and distal localities; such as 2.2m at Caineville (a relatively proximal local-
ity), and 3.7m at Smith Fork, (a relatively distal locality). Relatively thin averages
were likewise found to be situated across the whole system; such as 0.2m at Fifty
Mile Point (a relatively proximal locality), 0.4m at Polar Mesa (a relatively medial
locality), and 0.4m at Dominguez Canyon (a relatively distal locality). A weak corre-
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Figure 6.23: A map showing the average bed thickness at each locality for the
isolated channel-fill facies association. Measurements are in metres
lation is also recognised by a low ρ value of 0.19 and the presence of a relatively flat
linear trendline, from which the data points deviate substantially away from (Figure
6.24). A CV value of >0.2, gives low confidence in the dataset compared to previous
datasets. As illustrated in Figure 6.24, the range in the average isolated channel-fill
bed thickness’s also do not show any downstream trends with a mixture of large and
small ranges being observed across the system.
Percentage of fluvial succession
Unlike the cumulative thickness and average thickness datasets a crude downstream
trend in percentage of isolated channel-fill facies association present at each locality
is observed. As illustrated in Figures 6.19 and 6.25, a cluster of lower values is
present in the relatively proximal and medial localities and a cluster of higher values
is found within the distal zone. This is however a crude trend as high values are
not absent from proximal and medial localities, as they are present at Caineville
(10%), Hanksville (7%) and Exit 149 I70 (8%), with low values also being present
at relatively distal localities such as 2% at Dominguez Canyon and 3% at Blue Mesa
Reservoir. A crude positive correlation is also demonstrated by a ρ value of 0.27 and
relatively flat linear trendline (Figure 6.19).
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Figure 6.24: A graph showing the relationship between average isolated
channel-fill thickness and distance from apex (absolute km and % downstream).
Orange line represents the linear trendline for the dataset.
Figure 6.25: A map showing the percentage of isolated channel-fill facies
association found at each locality.
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Figure 6.26: A map showing the weighted average grain size for the isolated
channel-fill facies association. Measurements are those from the Wentworth grain
size classification scheme.
Average grain size
As with most of the datasets for the isolated channel-fill facies association, no clear
downstream trends in grain size distribution were identified. As can be seen in Figure
6.26, fine and coarse sand grain sizes are found across the whole system. Medium
sand averages are generally limited to the medial and distal portions of the fluvial
system. A poor correlation is evident by a flat linear trendline and jagged pattern in
Figure 6.21, and by a ρ value of -0.04.
Chapter 6. Spatial trends in the Salt Wash fluvial system 175
Figure 6.27: A graph showing the relationship between the cumulative thickness
for each floodplain facies association and distance from apex (absolute km and %
downstream). Coloured lines are linear trendlines for the corresponding datasets.
6.5 Floodplain facies associations
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Figure 6.28: A graph showing the relationship between the percentage of each
floodplain facies association present and distance from apex (absolute km and %
downstream). Coloured lines are linear trendlines for the corresponding dataset.
Figure 6.29: A graph showing the relationship between the weighted average grain
size for each floodplain facies association and distance from apex (absolute km and
% downstream). Coloured lines are linear trendlines for corresponding datasets.
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Figure 6.30: A map showing the cumulative thickness for the undifferentiated
floodplain facies association at each locality. Measurements are in metres.
6.5.1 Undifferentiated floodplain facies association
Total thickness
As can be seen in Figures 6.27 and 6.30, no relationship exists when the distance from
apex is plotted against the cumulative thickness of the undifferentiated floodplain
facies association. This is particularly evident by a low ρ value of 0.02 and flat linear
trendline in Figure 6.27.
Average unit thickness
As seen in Figures 6.31 and 6.32, a range of high and low values are present through-
out the system and therefore no trends are visible when the average bed thickness
is calculated for the undifferentiated floodplain facies association. This is further
evident by a low ρ value of -0.08 and flat linear trendline. It is however very subtly
recognised that an increase in bed thickness does occur downstream, as is demon-
strated in Figure 6.31.
Percentage present
A very weak positive correlation between distance from apex and percentage of un-
differentiated floodplain facies association present exists, as is demonstrated by a ρ
value of 0.31 (Figure 6.28). The weak relationship is further demonstrated in Figure
6.33, where a small clustering of relatively low values can be observed at the most
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Figure 6.31: A map showing the calculated average thickness for beds assigned to
the undifferentiated floodplain facies association. Measurements are in centimetres.
Figure 6.32: A graph showing the relationship between average bed thickness for
the undifferentiated floodplain facies association and distance from apex (absolute
km and % downstream). Line on the graph is the linear trendline for the dataset.
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Figure 6.33: A map showing the percentage of undifferentiated floodplain facies
association present at each locality. Measurements are percentages.
proximal sections such as at Cainevlle (5%); Hanksville (9%), and Fifty Mile Point
and Halls Creek (23%). Alternatively relatively high values are found at relatively
distal locations such as at South Canyon (50%) and Smith Fork (53%). However, it
is apparent that many anomalies to this trend exist with high and low values being
found across the system.
Average grain size
The weighted average grain size for the undifferentiated floodplain facies association
was not calculated as this facies association, as explained in Chapter 3, includes
missing exposure that has been inferred to be floodplain material. It is therefore
deemed that any calculations conducted will be unreliable.
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Figure 6.34: A map showing the cumulative thickness of the sand-dominated
floodplain facies association at each locality. Measurements are in metres.
6.5.2 Sand-dominated floodplain facies association
Total thickness
A very weak negative correlation, as indicated by a ρ value of -0.23 and illustrated in
Figure 6.27, is present when the cumulative thickness for the sand-dominated flood-
plain facies association is plotted against distance from apex. The weak relationship
is more clearly demonstrated in Figure 6.34, where a cluster of low values is found
at the most distal localities, such as 0m at Smith Fork and Blue Mesa Reservoir; 4m
at Dominguez Canyon and 5m at South Canyon. Two high values are observed at
Fifty Mile Point (21m) and Halls Creek (26m), however, relatively high values are
also observed at medial localities (30m at Slick Rock and 25m at Atkinson Creek).
These anomalies amongst others are causing the correlation to be weak.
Average thickness
As with the undifferentiated floodplain facies association, the average thickness calcu-
lated for the sand-dominated floodplain facies association does not appear to possess
any downstream trends with a range of lower and higher values being found across
the system, as illustrated in Figure 6.35. This is mirrored in Figure 6.36 by a rel-
atively flat linear trendline and low ρ value of -0.05. A downstream increase in the
range of bed thickness is not observed, unlike the undifferentiated floodplain facies
association.
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Figure 6.35: A map showing the average thickness for beds assigned to the
sand-dominated floodplain facies association. Measurements are in centimetres.
Figure 6.36: A graph showing the relationship between average bed thickness for
the sand-dominated floodplain facies association and distance from apex (absolute
km and % downstream). Line on the graph is the linear trendline for the dataset.
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Figure 6.37: A map showing the percentage of sand-dominated floodplain facies
association present at each locality. Measurements are percentages.
Percentage present
As can be seen in Figure 6.37, a small cluster of high values is present at the most
proximal localities and low values at the most distal localities, but neither are unique
to these areas as both high and low values are found across the system. This pattern
has resulted in a weak negative correlation existing between the percentage of sand-
dominated facies association and distance from apex. This is also evident by a low ρ
value of -0.29 and a relatively flat linear trendline (Figure 6.28).
Average grain size
A ρ value of 0.28 was calculated when the weighted average grain size for the sand-
dominated facies association is plotted against distance from apex (Figure 6.29).
This indicates only a weak positive trend is present, which is further evident when
observing how far away from the trendline the datapoints are (Figure 6.38). A weak
trend is present because the coarsest value (medium sand), is only present at the
most proximal localities, (Caineville and Butler Wash Rd) and finer fractions are
also found at relatively proximal localities, such as fine sand at Fifty Mile Point,
Bullfrog and Halls Creek (Figure 6.38). A mixture of fine and very fine grain sizes
are present throughout the system.
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Figure 6.38: A map showing the weighted average grain size for the
sand-dominated facies association. Measurements are those from the Wentworth
grain size classification scheme.
6.5.3 Mud-dominated floodplain facies association
Total thickness
As with other floodplain facies associations, the mud-dominated floodplain facies
association shows only a weak correlation when the cumulative thickness is plotted
against distance from apex. This relationship has a ρ value of 0.27, and although
this is the highest value of all the mud-dominated floodplain facies association for
cumulative thickness, it is still considered to be of low significance. As seen in Figure
6.27 and 6.39, relatively thin and thick values are present across the system. However,
a small number of sites in the most proximal portion of the system posses relatively
low values such as 4m at Halls Creek and 6m at Fifty Mile Point. Contrastingly
a number of the most distal sites possess relatively higher values, such as 46m at
Dominguez Canyon and 48m at Blue Mesa Reservoir. However, as high or low values
are not restricted to a certain portion of the system only a weak trend exists.
Average thickness
As seen in Figure 6.40 a range in calculated average bed thickness is present across
the system for the mud-dominated floodplain facies association, indicating no down-
stream trends exist. This is also implied by a low ρ value of 0.23. However a down-
stream increase in the range of bed thickness is again observed with larger ranges
Chapter 6. Spatial trends in the Salt Wash fluvial system 184
Figure 6.39: A map showing the cumulative thickness of the mud-dominated
floodplain facies association at each locality. Measurements are in metres.
being found at the most distal localities (Figure 6.41). The mud-dominated floodplain
facies association also has the highest bed thickness recorded out of the floodplain
subfacies associations.
Percentage present
As is demonstrated in Figure 6.28, the mud-dominated floodplain facies association
has the strongest trend out of the three floodplain subfacies when the percentage of
facies present is plotted against distance from apex, as is apparent by a steeper linear
trendline. However, this trend is still considered to be a relatively weak positive
trend, with a low ρ value of 0.38. Identifying the weak trend is not easy in Figure
6.42 due to relatively high or low values not being restricted to certain areas and it is
only a small number of sites (Fifty Mile Point (3%), Bullfrog (8%) and Halls Creek
(3%)) in the proximal domain that possess lower values and a number of sites in
the distal domain (South Canyon (82%), Blue Mesa Reservoir (94%) and Dominguez
Canyon (43%)) that posses relatively high values.
Average grain size
No downstream trends are observed in Figure 6.29, as the different grain sizes are
distributed across the system with no apparent clustering being present. As can be
seen in Figure 6.43, a relatively small vertically arranged ridged profile is observed
when the weighted average grain size for the mud-dominated facies association is
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Figure 6.40: A map showing the calculated average thickness for beds assigned to
the mud-dominated floodplain facies association. Measurements are in centimetres.
Figure 6.41: A graph showing the relationship between average bed thickness for
the mud-dominated floodplain facies association and distance from apex (absolute
km and % downstream). Line on the graph is the linear trendline for the dataset.
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Figure 6.42: A map showing the percentage of mud-dominated floodplain facies
associations present at each locality. Measurements are percentages.
plotted against distance from apex. A low ρ value of 0.08 and relatively flat linear
trendline further supports this interpretation.
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Figure 6.43: A map showing the weighted average grain size for the
mud-dominated facies association at each locality. Measurements are those from the
Wentworth grain size classification scheme.
6.5.4 Combined floodplain facies association
It is clear from the previous subsections that very few downstream trends exist for
any of the floodplain subfacies associations, and when they do they are weak. It was
decided to combine the data for the separate subfacies associations into one floodplain
facies association to see if any trends existed when they were all combined, in a hope
that an overview of the floodplain facies association could be gained.
Total thickness
As can be seen in Figure 6.44, no clear downstream variations are present with an
apparent random spatial distribution of thickness’s being observed. This observation
is further backed up by a jagged pattern in Figure 6.27 and a low ρ value of 0.21.
The lateral divide observed on the fluvial section thickness and LACF total thickness
and LACF total thickness maps is mostly observed in the floodplain total thickness
data. As can be seen in Figure 6.44, the divide is seen between Colorado National
Monument and Little Park (difference of 34m), between Dewey and Polar Mesa (dif-
ference of 22m) and between Salt Valley and Kane Springs (difference of 15m) but
not between Caineville and Hanksville, with the lower values again residing in the
NW sector of the system.
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Figure 6.44: A map showing the total thickness of all the floodplain facies
associations at each locality. Measurements are in metres. Dotted line depicts a
small NE-SW trending divide.
Average thickness
When the average bed thickness for all of the floodplain facies associations combined is
calculated, a stronger ρ value of 0.48 is present and a steeper positive linear trendline
is observed (Figure 6.46). It is also clear in Figure 6.46 that a general downstream
increase in the range of bed average thickness occurs. The downstream increase in
average bed thickness is also apparent in Figure 6.45. A sudden jump in thickness
occurs beyond the last drawn contour line where values within the forties jumps
to values in the seventies and up to 588cm at Blue Mesa Reservoir. The contour
lines display a clear radial pattern, with anomalies only being present at Caineville,
which has a relatively higher value than surrounding sites, and Smith Fork, which
has a relatively low value compared to surrounding sites. An increase in preservation
potential could be responsible for the increased bed average thicknesses observed. As
described in an earlier subsection the LACF facies association decreases in presence
at approximately the same point the average bed thickness for the floodplain facies
associations increase, suggesting the reason for the increased preservation potential
lies with the decrease in channel presence. Vernal is again a clear anomaly to the
general trend having much lower values than would be expected according to trends
observed.
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Figure 6.45: A map showing the calculated average thickness for beds assigned to
the combined floodplain facies association. Contours were not drawn beyond the
50cm contour line to ensure clarity on the map. Yellow arrows indicate the jumps in
average thickness values. Measurements are in centimetres. Map extended beyond
contour region to show position of estimated apex.
Figure 6.46: A graph showing the relationship between average bed thickness for
the combined floodplain facies association and distance from apex (absolute km and
% downstream). Line on the graph is the linear trendline for the dataset.
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Figure 6.47: A map showing the percentage of floodplain facies associations
present at each locality. Measurements are in metres. Map extended beyond
contour region to show position of estimated apex.
Percentage of fluvial succession
A clear downstream change in the percentage of floodplain facies associations is ob-
served in Figures 6.28 and 6.47. The most proximal sections possess the lowest per-
centages with 30% comprising the succession at Bullfrog and 38% at Fifty Mile Point.
The values steadily increase downstream with the highest values being present at the
most distal sections, such as 82% at South Canyon and 94% at Blue Mesa Reservoir.
A high ρ value of 0.84 and steep linear trendline, whereby the points do not deviate
to far from, demonstrates the correlation is a strong positive correlation. When the
data is contoured a broadly radial pattern is produced and, like the LACF percentage
dataset, appears to be unaffected by the lateral divide in floodplain thickness. Vernal
is again a clear anomaly to the general trend.
Average grain size
As can be seen in Figure 6.48, an unusual downstream trend in average grain size
for the floodplain facies association is observed. A cluster of coarse silt averages
is present at the most proximal locations with the average grain size dropping to
medium silt in the medial zone. However, the grain size then generally increases
back up to coarse silt further downstream. Although this pattern is described it
must be pointed out that this is only a subtle pattern with anomalies to the pattern
being present from the most proximal to distal areas. The unusual downstream trend
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Figure 6.48: A map showing the total grain size of all the floodplain facies
associations at each locality.
described is responsible for the poor correlation and low ρ value of 0.33 (Figure 6.29).
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Figure 6.49: A graph showing the relationship between cumulative thickness for
each ephemeral lake facies association and distance from apex (absolute km and %
downstream). Coloured lines are trend lines for corresponding datasets.
6.6 Ephemeral lake facies association
The weighted average grain sizes for the ephemeral lake facies associations were not
calculated as a sieve analysis would be required to differentiate the subtle grain size
variations that may be present which was deemed to be out of the scope of the project.
6.6.1 Gypsiferous lake facies association
The gypsiferous ephemeral lake facies association is only present at 4/29 localities
logged. As located in Figure 6.51, all of these locations lie in western portion of the
system. This may indicate that this portion of the system experienced more aridity
in respect to evaporation rates exceeding recharge rates than the rest of the system.
This may be due to either less water being delivered to these localities or it may
be the result of a hotter climate being present in the western portion of the system.
However, this is just a hypothesis and more evidence is needed to make this statement
valid.
Total thickness
The largest total thickness is present at the most distal locality in which the gypsif-
erous ephemeral lake facies association is present, with a total of 5m being present
at Chimney Rock Rd. The thinnest total thickness is found at Bullfrog with 0.1m.
Although this suggest a downstream increase this is not the case as the second most
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Figure 6.50: A graph showing the relationship between percentage of each
ephemeral lake facies association present and distance from apex. Coloured lines are
trend lines for corresponding datasets.
Figure 6.51: A map showing the cumulative thickness and average bed thickness
of the gypsiferous ephemeral lake facies association and the percentage of which it
comprises each succession.
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Figure 6.52: A graph showing the relationship between the calculated average bed
thickness for the gypsiferous ephemeral lake facies association and distance from
apex (absolute km and % downstream).
proximal section; Hanksville, has the second highest total thickness (0.65m), with
the second most distal section; Exit 149 I70, having the second lowest total thickness
(0.25m). A relatively flat linear trend line (Figure 6.49), and low ρ value of -0.3
supports interpretations made from the map.
Average unit thickness
Again, the highest value is seen at Chimney Rock Rd with an average bed thickness
of 0.23m being calculated and the lowest average value is present at Bulfrog with
0.1m. The second most proximal section, Hanksville, has the second largest average
bed thickness with 0.65m and the second most distal section, Exit149 I70, has the
second lowest average with 0.13m. This has again resulted in a low ρ value of -0.3 and
a flat linear trendline (Figure 6.52). A downstream increase in bed thickness range
is however observed with Bullfrog possessing the smallest thickness range, which
increases until Chimney Rock Rd where the highest range is present (Figure 6.52).
A higher range may be present at Chimney Rock Rd because this locality has the
highest number of beds present or may be due to a higher preservation potential
being further downstream, allowing the thicker beds to be preserved or water supply
is limited, or possibly a function of both.
Percentage of fluvial succession
The gypsiferous ephemeral lake facies association only makes up a small portion of
the fluvial succession at all the localities at which it is present. The largest percentage
is found at Chimney Rock Rd where it accounts for 8.22% of the fluvial succession
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and the lowest proportion is found in the most proximal section, Bullfrog, where it
accounts for only 0.07% of the total succession. Again a downstream trend is not
clear due to the second most proximal section, Hanksville, having the second highest
percentage, with 1.24%, rather than the second lowest, which is found at Exit 149
I70 with 0.38%. This is also evident by a low ρ value of -0.3 and flat linear trendline
(Figure 6.50).
Chapter 6. Spatial trends in the Salt Wash fluvial system 196
Figure 6.53: A map showing the cumulative thickness of the carbonate ephemeral
lake facies association at each locality. Map extended beyond contour region to
show position of estimated apex.
6.6.2 Carbonate ephemeral lake facies association
Total thickness
As can be seen in Figure 6.53, the carbonate ephemeral lake facies association is
absent in the centre of the system but increase in thickness towards the periphery of
the system in the proximal, medial and distal portions. This trend is most apparent
from the centre to the distal portion of the system where 0m was recorded at Atkinson
Creek, increasing to 0.95m at Little Park, 2.35m at Smith Fork and 4.10m at South
Canyon. Dominguez canyon again has the highest total thickness with 5.65m. A
moderate downstream trend is observed; however, the lack of carbonate lake deposits
in the centre of the system means that when the data is plotted on to a scattergraph
only a moderate downstream trend exists. This is evident in Figure 6.49, where a
trendline with a moderate gradient is present and ρ value of 0.47 is calculated. Vernal
is again an anomaly to the general trend.
Average bed thickness
As can be seen in Figure 6.54, the average bed thickness for the carbonate ephemeral
lake facies association is generally much larger than that of the gypsiferous ephemeral
lake facies association. The highest average thickness is present on the periphery of
the study area with an average of 0.51m being calculated at South Canyon and 0.5m
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Figure 6.54: A map showing the average bed thickness of the carbonate
ephemeral lake facies association at each locality. Map extended beyond contour
region to show position of estimated apex.
at Buckhorn Flat. Again, a central core of the system does not have any deposits
present with the calculated averages increasing as you move to the periphery of the
system. Overall a general downstream increase in average bed thickness is observed,
but this trend is again weakened by the lack of deposits within the center of the
system resulting in a ρ value of 0.43 and a trendline that has moderate gradient.
However, as with the bed thickness ranges for the gypsiferous ephemeral lake facies
association, the range in bed thicknesses increases downstream. Vernal is again an
anomaly to the general trend.
Percentage of fluvial succession
The carbonate ephemeral lake facies association, like the gypsiferous ephemeral lake
facies association, only comprises a small percentage of the fluvial sections. The
highest percentages are found in the most distal zone where the facies comprises
5.27% of the succession at Dominguez Canyon and 6.96% of the succession at South
Canyon. Again a central core in which no carbonate lake deposits are found is
present, with values increasing towards the periphery of the fluvial system, (Figure
6.56). This pattern has again led to a moderate ρ value of 0.49 and a moderately
inclined trendline (Figure 6.50). Vernal is again an anomaly to the general trend.
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Figure 6.55: A graph showing the relationship between the calculated average bed
thickness for the carbonate ephemeral lake facies association and distance from
apex (absolute km and % downstream).
Figure 6.56: A map showing the percentage of carbonate ephemeral lake facies
association present at each locality. Map extended beyond contour region to show
position of estimated apex.
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Figure 6.57: A map showing the cumulative thickness of the clastic ephemeral
lake facies association at each locality. Map extended beyond contour region to
show position of estimated apex.
6.6.3 Clastic ephemeral lake facies association
Total thickness
As can be seen in Figure 6.57, no clastic lake deposits were recorded in the center
of the Salt Wash fluvial system. However, their presence becomes more evident as
you move to the periphery of the system with total clastic ephemeral lake thicknesses
increasing laterally in the proximal, medial and distal reaches away from the centre.
Dominguez Canyon, again has the highest total thickness with 17.4m, followed by
Dewey with 4.49m. The increase in thickness is more apparent in the proximal
localities, with the clastic lake deposits being found at more localities than the other
subfacies association, resulting in a low ρ value of 0.09 and relatively flat linear
trendline (Figure 6.49). Vernal is again an anomaly to the general trend.
Average unit thickness
Again, an increase in average bed thickness from the centre of the system to the
peripheries is seen (Figure 6.59). Although Figure 6.58 suggests only a very weak
downstream trend, the highest values are generally found towards the distal portion
of the system such as 0.73m at Blue Mesa Reservoir and 0.55m at Little Park. The
lack of deposits within the centre of the system is responsible for the low ρ value and
flat trendline. No trends were identified when looking at the range of bed thickness’s
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Figure 6.58: A graph showing the average bed thickness for the clastic ephemeral
lake facies association and associated bed thickness ranges at each locality against
distance from apex (absolute km and % downstream).
across the system. Vernal is again an anomaly to the general trend.
Percentage of fluvial succession
An increase in the percentage of clastic ephemeral lake facies association is seen from
the centre of the system to the peripheries across the whole system (Figure 6.60). The
highest values are generally present at the most distal localities, but are not unique to
these areas with high values also being present in relatively proximal localities, such
as 4.12% at Caineville. In this respect a downstream trend is not clear with high and
low values being present across the system. When the data is plotted onto a graph a
poor downstream increase is observed, with a ρ value of 0.19 being calculated. Vernal
is again an anomaly to the general trend.
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Figure 6.59: A map showing the average bed thickness for the clastic ephemeral
lake facies association at each locality. Map extended beyond contour region to
show position of estimated apex.
Figure 6.60: A map showing the percentage of clastic ephemeral lake facies
association at each locality. Map extended beyond contour region to show position
of estimated apex.
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Figure 6.61: A map showing the cumulative thickness for all the ephemeral lake
facies association at each locality. Map extended beyond contour region to show
position of estimated apex.
6.6.4 Combined ephemeral lake facies association
As with the Floodplain facies associations it was decided to combine and analyse all
of the ephemeral lake facies associations together to try and gain an overall under-
standing of the ephemeral lake facies associations.
Total thickness
The lowest total thickness are recorded in the centre of the fluvial system in south-
western Utah, with Kane Springs, Summit Canyon, McElmo Canyon and Butler
Wash Rd having 0m and Fifty Mile Point only having 0.2m of ephemeral lake facies
associations present. Values increase towards the periphery of the study area in the
proximal, medial and distal domains, as demonstrated by the arrows in Figure 6.61.
The thickest values are recorded on the periphery of the system, particularly in the
distal domain with a maximum value of 23.1m being recorded at Dominguez Canyon.
The lack of deposits in the centre of the system has again resulted in a low ρ value
of 0.29 and a linear trend line that has only a gentle gradient. Vernal is again an
anomaly to the general trend.
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Figure 6.62: A graph showing the relationship between average bed thickness of
the combined ephemeral lake facies association and distance from apex (absolute
km and % downstream). The linear trendline is also visible on the graph.
Average bed thickness
As with the total thickness data, the lowest average thickness is found in the centre of
the study area with the averages increasing as you move to the periphery of the sys-
tem, as illustrated with arrows in Figure 6.62. However, overall the thickest average
values are found in the distal zone, with an average of 0.51m being calculated at south
Canyon and 0.73m at Blue Mesa Reservoir. A ρ value of 0.52 indicates a moderate
downstream trend is present. Interestingly, although Dominguez Canyon records the
highest total thickness and percentage of ephemeral lake facies association, it does
not have the highest average bed thickness, indicating Dominguez Canyon was com-
posed of lots of smaller ephemeral lakes. Unlike some of the ephemeral lake subfacies
associations, a downstream increase in the range of bed thicknesses is not observed
when the data is combined (Figure 6.63). Vernal is again an anomaly to the general
trend.
Percentage of fluvial succession
As can be seen in Figure 6.64, the ephemeral lake facies association mostly com-
prises 6% or less of the fluvial succession. Again, a low ρ value of 0.39 and a linear
trendline that possess only a moderate gradient (Figure 6.50) suggests a downstream
trend is only subtly present, the reason for which is clear when analysing the data
spatially on a map (Figure 6.64), as the centre of the system has very little to none
present. The highest percentage is found at Dominguez Canyon where 21.5% of the
Salt Wash fluvial system is composed of ephemeral lake facies associations. Inter-
estingly, the ephemeral lake percentage map is different to percentage maps for the
LACF and floodplain facies associations as these two associations see straight for-
ward downstream trends apposed to values that increase laterally from the centre in
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Figure 6.63: A map showing the average bed thickness of the combined ephemeral
lake facies association at each locality. Map extended beyond contour region to
show position of estimated apex.
the proximal, medial and distal localities. Vernal is again an anomaly to the general
trend.
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Figure 6.64: A map showing the percentage of the combined ephemeral lake facies
association at each locality.
6.7 Spatial distribution of Palaeosols
As documented in Section 2.4, three broad types of palaeosols are recognised within
Salt Wash deposits namely; a well-drained argillic calcisol; a poorly-drained argillic
calcisol; and a Gypsiferous palaeosol. Hartley et al. (2013) and Weissmann et al.
(2013a), postulate that a downstream change in moisture regime on a DFS can be
present, noting that wet, poorly drained deposits are more persistent in a distal DFS
environments due to a shallower water table. To analyse the spatial distribution of
the different palaeosols, the percentage that each palaeosol comprises out of the total
of all palaeosols present at each locality was calculated, the results of which can be
seen in Figure 6.65.
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It is clear in Figure 6.65, that the well-drained argillic calcisol is the most dominant
palaeosol present across the system. The highest percentage of poorly-drained (wet)
palaeosols are generally found on the periphery of the system, but are not exclusivly
present here. Sites at which poorly drained palaeosols are the dominant palaeosol
are Chimney Rock Rd (73%), Colorado National Monument (57%) and Buckhorn
Flat (53%). The well-drained argillic palaeosol is the dominant palaeosol at all other
localities excluding South Canyon where the intermediate palaeosol dominates. When
the data is plotted onto a graph it becomes even more apparent that no spatial trends
exist (Figure 6.66) as is evident by the low ρ values and erratic pattern.
One important factor that needs to be raised is the exposure quality and iden-
tification of palzaeosols within the Salt Wash fluvial system. Before the palaeosol
distribution hypothesis presented by Hartley et al. (2013) can be truly accepted or
rejected, it needs to be clear how well exposed the palaeosols are within the Salt Wash
fluvial system. Although the Salt Wash fluvial system is considered to be a well ex-
posed fluvial system, the quality of the floodplain material can be poor in areas. At
nearly all localities confident assumptions were made on the presence of floodplain
material, with some localities having better exposures than others. However, within
the assumed floodplain material, identifying the presence or type of palaeosol is not
possible. Thus a calculation was done to assess how much of the recorded floodplain
material is considered to be well exposed enough to identify the presence or absence
of palaeosols. It was evident from the calculations that many sites possess poor flood-
plain exposure as 14/25 localities have more than 50% of the floodplain material not
exposed, with some locations possessing more than 90% poor floodplain exposure
(see Table 6.1). Thus any palaeosol trends observed at sites with high amounts of
poor-quality floodplain material exposure must be treated with caution.
If it is assumed that the palaeosols exposed are representative of the palaeosols
present, it can be concluded that no clear downstream trends in palaeosol type distri-
bution can be observed on the Salt Wash fluvial system, and therefore the palaeosol
distribution model put forward by Hartley et al. (2013) and Weissmann et al. (2013a)
can not be applied to the Salt Wash fluvial system. However, it is noted in both pa-
pers that climate and local water table conditions may affect the spatial distribution
of palaeosol types across a DFS and it is believed that this may be a contributing
factor to the distribution observed. Parrish et al. (2004) note from plant taphonomy
work that the Morrison Basin during the Kimmeridgean possessed a seasonally wet
but predominately dry climate and conclude the Morrison basin can be likened to an
African savannah environment. Late Jurassic palaeoclimate models by Valdes (1993),
further support this interpretation. An overall dry climate is also evident from the
deposits studied within this study due to the abundance of red argillic calcisols and
presence of ephemeral, small scale, lakes and evaporite deposits. Evidence for a sea-
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Figure 6.66: Graphs showing the relationship between palaeosol type and distance
from apex.
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sonally wet climate is apparent from the sporadic presence of poorly-drained soils and
initial presence of lakes. Trace fossil evidence presented in Hasiotis (2004), suggests
the Salt Wash experienced a variable water table depth. This was also evident in
the deposits studied by the variable length in crayfish burrows, as shown in Figure
6.67. It can be thus concluded that the Salt Wash fluvial system experienced a low
depth to water table regime at only a limited number of localities such as Buckhorn
Flat, Colorado National Monument and Chimney Rock Rd. This is different to the
model put forward by Hartley et al. (2013) where an extensive area of wetter soils
was observed, commonly down-dip of a spring line. However, it is stressed that these
interpretations are based on the deposits exposed and documented, and as many
sites possess very low amounts of good-quality exposure, the reliability of the dataset
is questioned. Dunagan & Turner (2004) states the lower Morrison did experience
wetland type conditions in the region of Denver, CO, that were sourced from the
groundwater table. These deposits could represent deposits beyond fluvial channel
influence, however, the stratigraphic relationship of the deposits (i.e. how much of
the succession they comprise, presence of other depositional elements within sections)
is not stated, and therefore no further comments can be made.
6.8 Discussion
Within this section the trends and patterns observed and described shall be sum-
marised and analysed for implications.
6.8.1 Summary of trends and patterns observed
A mixture of distinctive, moderate, weak or non-existent trends and spatial patterns
have been described for the various characteristics analysed, Table 6.2 summarises
the trends and patterns observed.
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Figure 6.67: Various crayfish burrow depths reflect differing depths to water
table. It is believed that the crayfish burrows on display terminate once through
sandstone substrate.
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From the above analysis some key observations can be made:
• Firstly, when looking at the whole fluvial section, clear downstream trends are
visible when analysing the total thickness of the Salt Wash fluvial system (de-
creasing downstream), percentage of sand present (decreasing downstream) and
weighted average grain size (decreasing downstream) with all of them possessing
a radial contour pattern.
• When analysing the total thickness of each facies association only the LACF
and ephemeral lake facies associations (excluding the gypsiferous facies associa-
tion) displayed convincing downstream trends with the LACF facies association
showing a clear downstream decrease and the Ephemeral lake facies associations
increasing in value from the centre to the peripheries. A NE-SW trending lat-
eral thickness divide across the system is visible for the LACF and combined
floodplain facies associations, as well as within the fluvial section thickness
dataset.
• For the average thickness datasets trends and patterns were only present for
the combined floodplain (downstream increase) and ephemeral lake facies asso-
ciations (excluding gypsiferous) (increase from centre to the peripheries).
• For the percentage of fluvial succession datasets trends are observed for the
LACF, floodplain (downstream decrease) combined floodplain (downstream in-
crease) and ephemeral lake (excluding gypsiferous) (increasing from the centre
to the peripheries) facies associations.
• For the average grain size datasets, obscure trends were observed for the LACF
and combined floodplain facies associations with both showing an initial general
drop in grain size to the medial localities then increasing in the distal localities.
• No trends were observed for the isolated channel or floodplain subfacies asso-
ciations.
6.8.2 Controls on trends and patterns observed
Pronounced downstream changes, such as a decrease in sand percentage, average grain
size for the whole section, percentage and thickness of the LACF facies association,
and increase in the percentage of floodplain facies association are characteristic of
distributive fluvial systems (Hirst & Nichols, 1986; Hirst, 1991; Decelles & Cavazza,
1999; Horton & Decelles, 2001; Shukla et al., 2001; Nichols & Fisher, 2007; Cain &
Mountney, 2009; Weissmann et al., 2010; Cain & Mountney, 2011; Weissmann et al.,
2011; Hartley et al., 2010). Although a perfect radial or fan like morphology is not
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always observed, it is not believed that this contradicts the interpretation as a fan like
morphology is not always present on DFS (Cain & Mountney, 2011). It is suspected
that local variations may be the cause for the perturbations that are present on some
of the maps, as shall be discussed in following discussions.
Downstream decrease in energy
A downstream decrease in the percentage of sand, weighted average grain size for
the whole fluvial succession and LACF size and presence, and increasing presence
and average bed thickness of the floodplain facies associations imply a decrease in
energy occurred downstream. Understanding that the Salt Wash fluvial system is a
DFS can help explain why an overall decrease in energy is observed. As explained
by Weissmann et al. (2010); Davidson et al. (2013) and Weissmann et al. (2013a),
as a river enters a sedimentary basin, it is no longer confined within a valley system
and can therefore laterally expand across the basin, the point at which it does so
is the apex. As a result of flow expansion a river will experience a decrease in
transport capacity due to increased friction and a deceleration of flow, and therefore
deposition of coarser fractions will occur (Weissmann et al., 2010). Kelly & Olsen
(1993); Weissmann et al. (2010); and Hartley et al. (2010) all note that channel
bifurcation, infiltration and evapotranspiration can all contribute to a decrease in
energy as well as a decrease in presence and dimensions of channels downstream.
The bifurcation of channels can cause a reduction in energy and flow volume
as the flow is partitioned into two or more different channels, and unless recharge
is occurring, through either a spring line or localised rainfall, the flow within each
bifurcated channel will be considerably less in both volume and stream power if
both channels were coevally active than the feeding channel. Observing bifurcating
channels within the rock record is extremely difficult due to a planform view being
rarely available. It is worth noting that some authors, such as North et al. (2007),
argue the role of bifurcation and distributary river networks has received too much
emphasis in the past, particularly within dryland settings (Cain & Mountney, 2011).
Channel bifurcation is commonly observed on DFS, particularly within the medial
and distal zones (Davidson et al., 2013; Weissmann et al., 2013a), and therefore it
is deemed highly likely that this process was occurring on the Salt Wash DFS and
gives another plausible mechanism to produce the decrease in average LACF belt
thickness downstream and concurrent downstream decrease in presence observed.
Kelly & Olsen (1993) and Cain & Mountney (2009) both attribute a decrease in
channel dimension and overall energy to the bifurcation of channels on other DFS.
Bifurcation is also speculated to be of importance in reducing channel size within the
Organ Rock Formation, UT, (Cain & Mountney, 2011).
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Infiltration is another process that can lead to a decrease in flow energy and
volume. This is particularly evident within the proximal zones where sand-rich amal-
gamated channel complexes where relatively high permeability rates dominate (Kelly
& Olsen, 1993; Weissmann et al., 2013a). Authors such as Massuel et al. (2006);
McCarthy (2006); Li et al. (2007); and Blainey & Pelletier (2008) all note the con-
currence of infiltration and sandy channel deposits in modern day systems. The
importance of infiltration in flow reduction was was also noted on fieldwork on the
Gilbert DFS. On the Gilbert DFS limited flow was present within the proximal sand
rich channels yet, further downstream considerable flow was present within the same
channel with an absence of any tributary networks. The channel sandstones on the
Gilbert DFS have already been noted by Jones et al. (1993) to act as aquifers, and
thus it is highly probable that transmission loss is occurring within the channel sands,
with flow later re-emerging downstream. As has been documented within this thesis
the most proximal localities and to some extent medial localities, have a clear LACF
facies associations presence with high connectivity occurring between the sandstone
bodies. It is therefore highly probable that the Salt Wash fluvial system experienced
a reduction in flow through transmission loss. Burkham (1970) demonstrates the
importance of infiltration in the Tucson Basin, AZ, that transmission loss through
sandy channels ranged from 0 to more than four times the average annual streamflow
volume. Turner & Peterson (2004) also note the importance of infiltration on the
Salt Wash fluvial system.
Evapotranspiration is another process that can cause a reduction in discharge
downstream (Kelly & Olsen, 1993). Its importance in semi-arid to arid regions is
clear where evaporation rates exceed water recharge rates and also in areas where
vegetation is present near water courses (Kelly & Olsen, 1993). The Morrison For-
mation has been interpreted as having a warm, semi-arid and seasonal climate, which
when coupled with the documentation of roots, plants and trees and evaporite de-
posits (documented within this thesis) (Demko et al., 2004; Parrish et al., 2004; and
Turner & Peterson, 2004) provide a likely scenario in which evapotranspiration could
have been causing a reduction in discharge within Salt Wash rivers.
Infiltration and evapotranspiration processes have also been interpreted to be
of importance on the River Gash, Sudan, (Abdullatif, 1989; North et al., 2007);
the Rio Pilcomayo, Argentina, (Horton & Decelles, 2001); the Okovango, Botswana,
(McCarthy, 2006); the R´ıo Colorado, Bolivia (Donselaar et al., 2013) and within
ancient sequences such as on the Ebro DFS’s by Nichols (1987b) and Nichols &
Fisher (2007), and within a Late Permian river of the Uralian foreland basin, Russia,
(Newell et al., 1999).
Chapter 6. Spatial trends in the Salt Wash fluvial system 218
Facies distribution across the DFS
The downstream change in facies distribution observed can partly be explained by
a decrease in energy downstream, as higher energy environments such as the LACF
facies association diminsh in presence downstream, through the various processes
discussed above, lower energy lacustrine and overbank environments can flourish.
However, as was noted on fieldwork on the Gilbert DFS and from satellite imagery,
low energy environments are not absent from proximal regions. As floodplain material
is being deposited within the proximal regions, it is clearly a preservation issue that
is restricting their presence within the geological record within proximal regions.
Low preservation rates of proximal fine deposits is largely due to the high degree
of reworking within the proximal regions (Cain & Mountney, 2011). As noted by
Weissmann et al. (2013a), high amounts of deposition occur within the proximal
region as coarser fractions are deposited due to a deceleration in flow discharge due
to flow expansion, bifurcation, infiltration and evaporation (Weissmann et al., 2013a).
While doing so, the rivers create lobes, and in doing so variations in elevation across
the DFS are created and it is this that drives the lateral migration of the river
as it preferentially flows down the newly formed slightly steeper gradient. As the
rivers migrate across the proximal region, it reworks previously deposited material,
in particular fine grained material (Cain & Mountney, 2011; Weissmann et al., 2013a).
The finer material is not deposited due to the higher discharge rates and is transported
further downstream, thus leaving behind the coarser grained amalgamated channel
belts. This was evident on the Salt Wash DFS as is demonstrated in Figure 6.10,
where only small discontinuous packages of floodplain fines are found within a mass of
amalgamated channel belt complexes. A high degree of reworking also occurs within
the proximal region as the radial width of the proximal region is less than within the
medial and distal zones and thus the channels have a smaller aerial extent to migrate
within, inevitably leading to higher rates of canabalisation and reworking.
Cain & Mountney (2009) also comment that a higher depositional gradient within
the proximal region may also be restricting the deposition of finer material. As
already stated, observations from fieldwork on the Gilbert DFS and satellite imagery
suggest floodplain material is deposited within proximal regions and thus this is
considered to have only a minor, if any, role in the lack of preserved fines within this
region.
Floodplain distribution
As many various models predict, and is demonstrated to some degree with the Salt
Wash DFS, a decrease in energy, and therefore increase in lower energy environments,
is suspected to occur downstream. Taking this into consideration it was hypothesised
that the mud-dominated floodplain facies association may dominate in more distal
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localities when compared to the sand-dominated floodplain. However, this was not
found to be the case as demonstrated by low ρ values and a mixture of values being
found across the system for both facies associations. This could suggest that the char-
acteristics for the various floodplain subfacies associations do not change across the
system. However, other factors may also be responsible for the lack of trends present.
Firstly, it must be considered that the distribution of mud and sand-dominated flood-
plain facies association may not just be a function of downstream changes but also a
function of proximity to a channel. As discussed in previous chapters, a decrease in
floodplain grain size is well documented within the literature with a sand-dominated
floodplain facies association more likely to be found closer to the channel than the
mud-dominated floodplain facies association. As a channel migrates through time the
associated proximal and distal floodplain facies will also shift. Thus at one location,
the vertical log will intersect a variety of floodplain environments, and in doing so
may mask any downstream variability in floodplain facies distribution.
Secondly, the quality of floodplain exposure may also be limiting any trends from
being noticed as is suggested by the dominance of undifferentiated floodplain facies
association at 19/26 localities. Although inferring floodplain material was confidently
done, differentiating between sand and mud-dominated material could only be done
at exceptionally exposed floodplain sections. It is thus questioned whether there is
a fair representation of sand- and mud-dominated material to successfully test the
proposed hypothesis. When all of the floodplain subfacies associations were analysed
together, patterns and downstream trends were apparent when analysing the average
bed thickness and percentage data. This could be providing further evidence that
floodplain exposure quality may be limiting the analyses of subfacies associations. It
is proposed that a modern day system in which grain size analysis can occur without
preservation issues and an ancient system that has good floodplain exposure are
needed to correctly test the proposed hypothesis, as if found true this could be a
powerful facies distribution predictive tool.
Thirdly, the lack of trends may be a function of flooding frequency across the DFS.
Within the proximal area, it is speculated that the channels are more substantially
incised than those in more distal environments. As a result of this, flooding is less
likely to occur in the proximal regions, and more likely to occur in the distal regions.
When flooding does therefore occur in the distal zone, coarse grained floodplain
material is transported and deposited by the floodwaters.
As illustrated in Figures 6.53 to 6.63, an increase in the percentage, total thick-
ness and average bed thickness of the ephemeral lake facies associations (excluding
the gypsiferous lake association) not only occurs downstream but also from the centre
outwards. This pattern is believed to be a function of a decrease in discharge and
channel presence as well as an increase in accommodation laterally towards the pe-
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ripheries of the system that allows the deposition and preservation of the ephemeral
lake facies association to occur. The radial contour patterns of the LACF and flood-
plain facies associations further supports this interpretation as they increase and
decrease respectively towards the peripheries.
Unlike the LACF, combined floodplain and various ephemeral lake facies asso-
ciations, the isolated channel-fill facies association does not show any downstream
trends for any of the characteristics analysed, implying it is uniformly present across
the system.
Grain size spatial variations
Many authors state that a downstream decrease in grain size is expected to occur
on a DFS (Davidson et al., 2013; Weissmann et al., 2010 etc). A downstream de-
crease is present on the Salt Wash DFS when the weighted average grain size for the
whole section at each locality was calculated, as demonstrated in Figures 6.4 and
6.5. As summarised by Davidson et al. (2013), some authors have more specifically
documented a downstream decrease in channel sediment grain size on DFS. However,
this was not found to be the case for the LACF facies association which expresses
an initial decrease then increase in grain size downstream. The initial decrease in
grain size is the result of a decrease in transport capacity as the flow velocity reduces
downstream, resulting in the deposition of coarse fractions. The increase in grain size
further downstream is however not so easily explained.
As commented by Shukla et al. (2001), flow competency and sediment supply
control the distribution of grain sizes within a channel. Turner & Peterson (2004) note
that the Ancestral Rocky Mountains provided distinctive angular chert fragments
and granitic debris to the Morrison basin within the eastern front range foothills in
Colorado. However, this does not correspond geographically to the same areas in
which coarser sediment is observed within this study. Such distinctive lithologies also
were not found within the Salt Wash sediments studied and thus additional sediment
input from within the basin is not regarded to be a key factor behind the grain size
increases seen.
An increase in flow competency however, is a more plausible mechanism for the
trends seen. An increase in flow competency can occur as a result of an increase
in water and sediment supply. This would allow sediment to be eroded, entrained
and deposited further downstream. A sediment bypass theory has been used by
other authors to explain sediment distribution patterns in a range of environments
(e.g. Evoy et al., 1997; Nemec & Postma, 1993; and Parsons et al., 2012) and is
a favourable explanation for the trends observed for the LACF facies association.
A sediment bypass theory would also help explain the increase in sediment calibre
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downstream as the floodplain would also be supplied with a coarser bedload and
thus would experience the deposition of the coarser sediments during flood events.
A vertical trends analysis will help understand how and why sediment bypass has
occurred on the Salt Wash DFS, which shall be further discussed in Chapter 7.
Thickness variations
Thickness variations observed within the whole fluvial section, total LACF and com-
bined floodplain datasets can give important insights into the palaeotopography of
the basin and geometry of the Salt Wash DFS. The total thickness dataset implies the
thickest portion of the Salt Wash DFS is around Lake Powell, UT, gradually thinning
in a NE direction, as well as laterally to the peripheries. If an even relatively flat
topography is assumed to have been present it can be inferred from the thickness
patterns that the Salt Wash DFS had a clear convex upward profile. If an even flat
topography is not assumed a depocenter can be inferred to exist in the center of the
deposits, or a combination of the two situations could have persisted.
However, a considerable NE-SW trending thickness divide is present on the maps
for the whole fluvial section, total LACF and to a slightly lesser extent, the combined
floodplain facies associations datasets, with the NW portion being considerably thin-
ner than the SE portion. This is not thought to be a function of a gradual thinning
of the fan to the peripheries on a flat topography as the thickness divide is rather
abrupt and follows a relatively straight line that does not follow the general curved
contour patterns. It is also not believed that the variation is the result of post-Salt
Wash erosion as the contact with the Brushy Basin is conformable with no visible
scour surfaces. The Brushy Basin itself protects the Salt Wash from Cretaceous ero-
sion, except at Collete Canyon where Cretaceous erosion of the deposits was evident.
Collete Canyon has been excluded from any analysis as a result of this. It is thus
hypothesised a topographic variation may have been present.
Two possible scenarios were developed, as illustrated in Figure 6.68. In scenario
A it is speculated that an existing topographic variation was present pre-Salt Wash
deposition. The topographic variation may have been caused through either struc-
tural movement or be part of the general topographic configuration of the basin.
Within this scenario, the fluvial system fills the depocentre and accommodation that
is situated in the SE sector in a distributive manner. Once the SE sector has been
filled the system simply continues distributing sediment across the basin but now
does so over the NW and SE sectors. This ultimately results in a thicker sequence
being present in the SE sector, but allows the even distribution of facies associations
across the system. In scenario B, it is speculated that differential subsidence was
occurring within the basin as the Salt Wash sediments were being deposited, with
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Figure 6.68: Cartoons illustrating scenarios A and B. See text for details.
the SE area subsiding at a faster rate than the NW sector.
Structural control on the divide?
If a structural control was assumed, in either producing the pre-existing topography
in scenario A or being tectonically active within scenario B, the identification of
a fault or tectonic structure should be possible. Structures active during the Late
Jurassic have been mapped out by Peterson (1984) and Turner & Peterson (2004)
and generally are orientated along a NW-SE direction, the opposite to the NE-SW
divide observed on maps within this study. Structures orientated in a NE-SW have
been mapped by Decelles (2004), but are mapped to be Precambrian shear zones and
crustal boundaries (Figure 6.69). This could imply there was some minor reactivation
along the zones creating the subtle differential topography. However, it is worth
noting that at the time of deposition a broadly NW-SE compressional regime is
present, which does not favour the notion of reactivation along a NE-SW trending
lineament.
Basin topography and palaeocurrent directions
Another possibility is the thickness divide is not a function of fault activity but
is the result of, or a function of, the geometry of the Morrison Basin. Decelles
(2004) (Figure 6.69) outlines the shape of the basin edge, which does approximately
match the orientation of the thickness divide. Palaeocurrent data does not favour this
situation as a NE to E deflection in palaeocurrent directions would be expected. This
was not found to be the case as they are heading in a north and north-east direction.
However, a subtle variation in palaeocurrent direction is observed on either side of
the divide. As seen in Figure 6.70, localities present in the SE sector, generally
have a more north-easterly direction paralleling the divide, and those in the NW a
more north north-east direction. This is more clearly represented in Figure 5.1 where
localities in the SE sector generally draw back to the to the Las Vegas, NV, area
and those in the NW sector have a wider spread in palaeocurrent directions. The
variance in palaeocurrent patterns can also be observed in maps within Craig et al.
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Figure 6.69: Modified map from Decelles (2004). Note the orientation of the
Sevier front. With this configuration a deflection in palaeocurrent is expected
(dotted blue arrows). Note the orientation of the Precambrian shear zones are
similar to the NE-SW thickness divide.
(1955). This pattern may favour scenario A as once the rivers ‘fill’ the topographic
low they are diverted in a north-eastern direction by the perturbance, yet once the
topographic low is filled the channels are able to radiate freely, as demonstrated in
Figure 6.71.
A palaeotopographic high, the Emery High, on the western side of the San Rafael
Swell located near the locality Buckhorn Flat, is described as being present during
Salt Wash deposition (Peterson, 1984). Ali-Adeeb (2007), describes a thinning of
the Salt Wash towards the Emery High, which coincides with thickness patterns
observed within this thesis. This topographic feature could have been contributing
to the thickness divide observed, however its extent is limited to the western side
of the San Rafael Swell and therefore does not help explain the extensive thickness
divide observed within this thesis.
Differential subsidence?
Basin subsidence calculations have been conducted on the Morrison basin. Robinson
& McCabe (1998) calculated relatively slow subsidence rates, calculating 6.2m/My
(0.0062mm/yr) in the Notom area based on fission-track ages from bentonites by
Kowallis & Heaton (1987) and 22m/My (0.022mm/yr) in Bullfrog. However, Ali-
Adeeb (2007), calculated much higher rates from 40Ar/39Ar laser fusion ages provided
by Kowallis et al. (1998). The author calculated a subsidence rate of 0.039mm/yr
Chapter 6. Spatial trends in the Salt Wash fluvial system 224
Figure 6.70: Mean palaeocurrent directions at each locality. Note the general
direction of palaeocurrents within the SE and NW sectors are subtly different.
Figure 6.71: A cartoon explaining how a topographic variation influences flow
direction. Note how during T1 the river is subtly being diverted due to topographic
variations, but in T2 the river can more freely migrate.
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within the Freemont River area, UT and 0.121mm/yr in the southern Henry Basin,
UT. Although the dates provided by Kowallis et al. (1998) are cited by Ali-Adeeb
(2007) to be more accurate than those of Kowallis & Heaton (1987), it is believed
that calculations provided by both Robinson & McCabe (1998) and Ali-Adeeb (2007)
should be used with care as both authors assume that ages taken from the base and
‘top’ of the Salt Wash at one locality are time equivalent to the base and top of
another. This is particularly evident on a DFS as one lobe may be active for a
long period of time before another is and without a time line passing through, time
correlation is very poorly constrained. It also has to be considered that age and
calculations were not done at the same localities. Another factor, that shall be
discussed within Chapter 7, is the effect of differing A/S regime on the calculations.
Diagnostic features of scenario B
With regards to scenario B several diagnostic features would be expected to be
present. Firstly, syn-depositional features are expected to be present with channel
belts thickening towards the SE. No syn-depositional features were observed within
the field; however, it is recognised that the features may be so large that they are in
essence unrecognisable without detailed mapping of channel belts over tens of kilome-
tres. The average channel belt thickness data however does not suggest the channel
belts were thicker on the SE side of the divide as thick and thin averages are found
across the system irrespective of the divide. With these observations in mind, it can
be inferred there is little evidence for syn-depositional features. The role of subsi-
dence in creating the variations across the system is however not out ruled as some
authors argue there was thrust tectonic activity present during the Late Jurassic,
(e.g. DeCelles & Giles (1996)) as discussed in Chapter 1.
A higher abundance and thickness of LACF deposits may also be expected to
occur in scenario B due to a steeper gradient existing in the SE sector. However, as
indicated by the percentage datasets, an even distribution of LACF and combined
floodplain facies associations are present across the system apparently unaffected by
the NE-SW divide. Similarly a NE-SW trending divide is not observed to be present
within the LACF grain size dataset. The percentage datasets imply the different
geomorphic elements present within the Salt Wash DFS were still being distributed
evenly across the system. In this respect, scenario A looks more plausible as the
rivers would laterally migrate and evenly distribute the facies associations within the
SE sector until it was filled allowing migration to occur across the whole area, as
demonstrated in Figure 6.68.
Salt movement?
Mullens & Freeman (1957) claim from Stokes (1944) that salt anticlines rose during
the Middle Jurassic until early Salt Wash deposition and created topographic ex-
pressions. To the authors knowledge extensive salt structures are only known to be
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present within the Paradox Basin UT, within the study area (Hazel, 1993; Gutie´rrez,
2004; Banham & Mountney, 2013). These structures are not believed to be the cause
of the NE-SW divide as the structures within the Paradox basin firstly lie much fur-
ther south and secondly the salt structures have a NW-SE orientation, the opposite
to the divide observed.
Palaeosol evidence?
Ali-Adeeb (2007) likewise noted a thickness divide when a north-south transect was
conducted within the proximal deposits of the Salt Wash system. Ali-Adeeb (2007)
favours a scenario B situation where there is differential subsidence across the basin
as a result of thrusting during Salt Wash deposition based on the presence of ma-
ture palaeosols within the underlying palaeosol, a pulse of chert into the basin and
subsidence calculations (discussed above). However, it is just as feasible for mature
palaeosols to form within scenario A as Salt Wash deposition would have been limited
to the SE sector.
Conclusions
Neither situation can be confidently proved or outrightly disproved, and indeed a
mixture between the two presented scenarios may have existed. This thesis provides
an additional hypothesis to the scenario presented by Ali-Adeeb (2007) which may
favour the view point of authors who argue thrusting did not occur until Cretaceous
time (e.g Lawton, 1994). Nonetheless it is clear that whatever the situation, the
fluvial system was still evenly distributing the sediments across the basin, and thus
even with the topographic complications occurring within the basin a distributive
facies pattern prevailed. It is lastly stressed that this study is not implying a major
topographic high existed within the basin, but rather a topographic perturbance was
present, creating the subtle thickness divide and geometric variation.
6.8.3 Comparison with other Salt Wash maps
As noted within the introduction chapter, to date there are few system wide published
studies on the Salt Wash DFS. Craig et al. (1955) and Mullens & Freeman (1957)
both produced contour maps for the Salt Wash system. A note here is made about
the Craig et al. (1955) and Mullens & Freeman (1957) maps. The maps produced by
these authors are maps of the Salt Wash Member, as opposed to just the Salt Wash
fluvial system which is presented here, and are therefore missing the Tidwell Member
(i.e. the distal deposits).
The contrast in what has been mapped helps explain a key difference between the
maps, namely the extent of the Salt Wash DFS. Craig et al. (1955) and Mullens &
Freeman (1957) both map the Salt Wash fluvial system extent as far North as Vernal,
UT; however, the extent of the Salt Wash DFS is not mapped as far north within
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this study. This is based on the observation that Vernal is an anomaly within the
palaeocurrent dataset, fluvial section thickness and grain size datasets, percentage of
sand dataset, LACF total percentage and total thickness datasets, combined flood-
plain total thickness and percentage datasets as well as the combined ephemeral lake
total thickness, average bed thickness and percentage datasets. From the character-
istics displayed it is believed the deposits at Vernal are more characteristic of medial
DFS deposits than distal deposits. A composition difference is noted from samples
collected at Vernal and those collected from the Salt Wash fluvial system proper. The
comparisons were made between samples of similar grain sizes. As can be seen in Fig-
ure 6.72, thin-sections from Vernal appear to contain less quartz grains, more cement
and are texturally more immature due to the grains being less-rounded, although the
latter is not always the case when comparing very-coarse sand examples. Craig et al.
(1955) interpret deposits from the north to have been sourced differently to those
in the south. However, it is worth noting that a difference in bulk-rock composition
was not noted as both examples were quartz rich, and the observations made are
tentative, and a detailed petrographic analyses is needed to determine if there is a
true difference in sandstone composition between Vernal and all other localities.
It can thus be concluded from all of the evidence presented that the deposits at
Vernal represent a different fluvial system, sourced further north and west of the Salt
Wash DFS. This interpretation is in agreement with the maps published by Craig
et al. (1955), Mullens & Freeman (1957) and Decelles (2004) who all show contour
maps that are consistent with multiple DFS existing (Figure 6.73). From this point
on the deposits at Vernal shall be referred to as the Vernal fluvial system. The
identification of a different fluvial system within what is regarded as being deposits
Salt Wash Member deposits highlights the importance of taking a systems rather
than lithostratigraphic approach to the study of a continental basin fills, as with a
lithostratigraphic approach there is a danger of bracketing multiple systems under
one term without clarification of the presence of multiple systems and therefore not
fully understanding the distribution of facies within a basin.
Despite a difference in the extent of the contours, there is a strong agreement
in the overall fan morphology with a downstream and lateral decrease in Salt Wash
DFS thickness being observed on all the maps. Thickness maps of the Salt Wash
produced by Craig et al. (1955) do not appear to show the presence of the NE-SW
lateral divide observed within this study. Closer inspection reveals the 100ft (30m)
contour intervals within Craig et al. (1955), opposed to the 10m contour interval used
here, and thus the maps does not have the resolution needed to identify the divide.
The isopach stream deposit map produced by Mullens & Freeman (1957) shows a
hint of the NE-SW divide from Grand Junction through to Dewey area, as outlined
in Figure 6.74. The extent however is limited within Mullens & Freeman (1957),
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Figure 6.72: Comparison of thin-sections from Vernal (left column) and sites
within Salt Wash proper (right column). green arrows= quartz; pink= chert; red=
clacite cement. Note the sections on the left have less quartz and more chert lithic
fragments and cement present than comparative sections on the right. Sample
localities can be seen in pullouts A-C. Images in XP.
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Figure 6.73: Modified thickness maps from Decelles (2004) (A) and Craig et al.
(1955) (B). Various fluvial systems have been interpreted to be present based on the
contour pattern present and from field observations.
but this is again believed to be a function of contour spacing. As noted within this
study, the percentage maps for both stream and floodplain deposits within Mullens
& Freeman (1957) appear unaffected by the variations in thickness with a good radial
contour pattern being displayed.
Craig et al. (1955) have attempted to contour the logarithmic standard deviation
grain size (i.e. the sorting) within Salt Wash fluvial channels. Interestingly they too
find a peculiar downstream pattern in that the sandstones become better sorted from
the proximal to medial localities, but then become less sorted at distal localities (Fig-
ure 6.75). This trend coincides with the trends observed for the combined floodplain
and LACF datasets. The authors do not provide any interpretations as to why the
trends exist. It is believed that a sediment bypass theory may also explain why less
sorted material is found in the distal area as it would provide a method by which the
coarser material is delivered to the distal zones, increasing the overall grain size. The
poorer sorted material within the proximal zone is interpreted to be a function of a
flashy discharge regime, as explained in previous chapters.
It can thus be concluded that apart from minor differences, which are deemed to
be a function of what has been specifically been mapped and how the data has been
contoured, the maps produced by Craig et al. (1955) and Mullens & Freeman (1957)
concur strongly with those presented within this thesis.
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Figure 6.74: Modified stream thickness map from Mullens & Freeman (1957).
Contour lines in feet. Note kink in contour corresponds to the thickness divide
noted in maps presented within this study.
Figure 6.75: Modified
contour map of
logarithmic standard
deviation of grain size
distribution in
sandstones within the
Salt Wash from Craig
et al. (1955). The
logarithmic standard
deviation for a well
sorted sandstone is 0.0.
Only contours 1, 1.1 and
1.2 are shown. Note a
downstream decrease is
not present.
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6.9 Conclusions
Within this chapter the spatial trends of various characteristics have been quantita-
tively and qualitatively analysed. From this analyses some key conclusions can be
made:
• The Salt Wash fluvial system is interpreted to be a DFS based on the trends and
characteristics displayed. Predictable downstream trends are clear and largely
comply with trends observed within published DFS models.
• Predictable facies distribution patterns are present on the Salt Wash DFS with
the LACF facies association decreasing in presence and thickness downstream.
In contrast, the floodplain facies association increases in thickness and presence
downstream. The ephemeral lake facies associations also increase in thickness
and presence from the centre of the system to the peripheries, as well as gener-
ally decreasing downstream.
• A downstream decrease in overall energy can be inferred from the trends de-
scribed. The decrease in energy is related to a decrease in stream power related
to flow expansion as a river enters as sedimentary basin, channel bifurcation,
infiltration and evapotranspiration.
• The facies percentage datasets are perceived to be the most robust criterion for
displaying trends on the Salt Wash DFS. The datasets appear to be unaffected
by the NE-SW trending thickness divide and thus despite complications oc-
curring within the basin, the fluvial system still evenly distributed the various
facies associations across the basin.
• The total thickness datasets have allowed insights into the overall geometry of
the Salt Wash DFS and basin topography to be gained. The cause of the NE-
SW trending thickness divide is not resolved with a number of causes suggested.
• A sediment bypass theory has been proposed to be the cause of the unexpected
downstream grain size trends for the LACF and combined floodplain facies
associations. Further work on vertical trends is hoped to shed light on whether
this is a likely explanation.
• Deposits in northern Utah are interpreted to be deposits from a different fluvial
system to the Salt Wash fluvial system, with an apex that is likely to be located
to the west. Deposits situated at Vernal are interpreted to be medial DFS
deposits based on matching characterstics displayed with those of the Salt Wash
DFS. It is suggested that too much emphasis has in the past been placed on
lithostratigraphic terminology opposed to systems analysis.
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• It was not found to be beneficial to subdivide the floodplain facies associations
into sand-dominated or mud-dominated. Splitting up the floodplain facies asso-
ciations revealed no downstream trends; however, when they were all combined,
clear downstream trends were present. The resolution of the floodplain expo-
sure is thought to be responsible for the lack of trends observed within the
subfacies associations. However, a detailed study on the floodplain material
across a DFS (modern and ancient) is needed to clarify whether there are any
spatial trends in sand and mud-dominated floodplain facies associations.
The trends described here will be used to build a quantitative three dimensional
predictive model for DFS.
Chapter 7
Vertical trends analysis
7.1 Introduction
Analysis of a vertical succession can provide insights into any temporal changes that
occur at a given location. Peterson (1980; 1984), Currie (1998) and Kjemperud et al.
(2008) document vertical changes within Salt Wash successions that suggests the Salt
Wash fluvial system prograded into the Morrison Basin. However, these studies are
of limited aerial extent as they are restricted to the Kaiparowits and Henry Mountain
Basins (Peterson, 1980, 1984), an outcrop belt situated within Capitol Reef National
Park, south-central Utah (Kjemperud et al., 2008) and the Uinta Mountains, UT/CO
(Currie, 1998).
There are few documented examples of prograding fluvial fan systems (Peterson,
1980, 1984; Legarreta et al., 1993; Cain & Mountney, 2009; Trendell et al., 2013;
Weissmann et al., 2013a). Weissmann et al. (2013a), present a hypothetical progra-
dational DFS model with documentation of possible prograding DFS examples from
the rock record. One such example is the Salt Wash DFS. At the time of publication
of the paper, analyses on a limited number of localities suggested the Salt Wash and
Tidwell Members represented a prograding fluvial package. This chapter aims to fully
test the progradation hypothesis using a much larger and more complete dataset of
25 locations that span across a large portion of the Salt Wash DFS. Weissmann et al.
(2013a) cite key criteria that maybe expected within a prograding fluvial package
and it is these criteria that will be used to test whether the deposits represent a
prograding fluvial package. Criteria being analysed within each sedimentary log are:
• Position of proximal, medial and distal deposits vertically within each log.
Weissmann et al. (2013a) state distal deposits may be overlain by medial de-
posits which are in turn overlain by proximal deposits in a prograding DFS
succession.
• An increase in the thickness and presence of channel belt deposits may occur
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vertically within the log.
• The occurrence of well-drained and poorly-drained soil deposits vertically within
each log. Weissmann et al. (2013a) suggest a transition from distal wetland de-
posits to well-drained proximal and medial deposits may occur in a prograding
DFS succession. It is however stressed that climate conditions within a basin
may affect the presence of wet and dry palaeosols.
The dataset for this chapter can be found on the appendix CD within the file
’vertical analysis’. The original data, from which characteristics were extracted from,
can be found in the file ‘Raw sedimentary log data’.
This chapter aims to quantitatively apply the criteria suggested by Weissmann et al.
(2013a), in order to provide an objective analysis of the deposits.
Collet Canyon and Montezuma Canyon have been left out of this study as they
are incomplete sections. Vernal has also been taken out of the study as the deposits
are from a different fluvial system (see Chapter 6). The following sections in this
chapter describe and interpret vertical trends observed within Salt Wash deposits. A
discussion on the drivers and controls of any trends observed can be found at the end
of this chapter.
7.2 Vertical facies distribution analysis
Using the characteristics summarised in Table 4 of Trendell et al. (2013), and de-
scriptions given by Nichols & Fisher (2007), Weissmann et al. (2011) and Weissmann
et al. (2013a), successions within each sedimentary log were assigned to proximal,
medial or distal DFS environments (facies). The full interpretation of each sedimen-
tary log can be seen in fold outs A-C. A condensed summary of the results can be
seen in Figure 7.1. As summarised in Table 7.1, five different vertical facies stacking
are recongised within the deposits studied.
Pattern Number of localities Locations at which pattern is present
DP 3 Fifty Mile Point, Bullfrog, Caineville.
DMP 7
Halls Creek, Buckhorn Flat, Hanksville, Chimney
Rock Rd, Salt Valley, Kane Springs, Pinon.
DM 7
Exit 149 I70, Polar Mesa, Dewey, Colorado
National Mounement, Little Park, Dominguez
Canyon, Smith Fork.
M 6
Butler Wash Rd, McElmo Canyon, Durango,
Summit Canyon, Slick Rock, Atkinson Creek.
D 2 South Canyon, Blue Mesa Reservoir.
Table 7.1: Localities at which different vertical facies stacking patterns are
present. For explanation of different patterns see text.
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Figure 7.1: Condensed logs showing the vertical distribution of proximal, medial
and distal deposits at each locality. Numbers indicate the percentage that each
environment comprises the vertical succession. Each bar corresponds to relative
thickness at the different localities. Transparent logs indicate poor exposures.
Pattern DP
The base of stacking pattern DP is characterised by the presence of either, or
both, lacustrine and thin (<1m) isolated channel-fill deposits that are encased within
floodplain material. These deposits have been interpreted to represent deposition
within a distal DFS environment. Directly above the distal deposits, thick and highly
abundant LACF deposits which contain minor pockets of discontinuous fine grained
floodplain material are found, and are interpreted to have been deposited within a
proximal DFS environment. Distal deposits only comprise a small portion of pattern
DP, varying in presence from 0.43% to 25.09%, while proximal deposits dominate the
succession, ranging in presence from 74.91% to 99.57%. As can be seen in Figure 7.1,
stacking pattern DP is only present at three localities which are situated in the most
proximal portion of the system. An example of pattern DP can be seen in Figure 7.3.
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An abrupt transition from distal to proximal facies is evident due to the presence
of an erosional contact between proximal channels and distal facies, resulting in a
striking contrast at exposures (Figure 7.3). The absence of medial deposits suggests
bypass of sediment occurred. This scenario can be explained by a telescopic fan
relationship whereby the river entrenches itself and the apex of a DFS shifts basinward
allowing proximal deposits to be deposited straight onto distal deposits (Figure 7.2).
The term entrenchment is used as opposed to incised as evidence for any substantial
incision was not observed (i.e. identification of incised valleys), even at the most
proximal locality which has >10 km of laterally continuous exposure. In this scenario
a mature palaeosol surface is expected to develop as sedimentation would be limited
outside of the entrenched channel. A mature palaeosol was observed at the top of
the Caineville log (see foldout A) and is reported to be present by Demko et al.
(2004) and thus provides evidence for this hypothetical situation. Evidence for a
bypass scenario is also found in the LACF grain size dataset. As was presented in
the previous chapter, coarse grained deposits are found at some of the most distal
localities, but not at all medial localities. Bypass is reported by Weissmann et al.
(2013a) to occur in low accommodation foreland basin settings and thus appears to
be a plausible explanation for the development of pattern DP as the Morrison Basin
is a foreland basin (Chapter 1) that had low accommodation (Currie, 1997).
Pattern DMP
Pattern DMP also possesses distal DFS deposits at the base. However, unlike
stacking pattern DP, medial deposits, which are characterised by the presence of dis-
tinct packages of LACF deposits that are separated by laterally extensive floodplain
fines, lie above distal deposits. The transition between the two environments is still
relatively abrupt as the LACF deposits commonly erode into the distal deposits, how-
ever, the scour surface generally has a much lower relief than that of scour surfaces
present in pattern DP. Capping the top of pattern DMP, are coarse grained, laterally
extensive thick LACF deposits, which are indicative of a more proximal DFS environ-
ment. The transition between medial and proximal environments is gradational with
floodplain deposits often separating medial and proximal deposits. The different en-
vironments are present to varying degrees at the seven locations at which the pattern
DMP is found. Distal environments comprise 16.91% to 55.38% of the succession,
medial environments from 6.27% to 74.29%, and proximal 76.82% to 6.74% of the
successions. Stacking pattern DMP is generally found at locations within the centre
and north-western periphery of the study area. Example images and logs of pattern
DMP are shown in Figure 7.4. Pattern DMP demonstrates a more gradational and
distinct progradational sequence.
Pattern DM
Again the base of the logs for pattern DM are charactised by the presence of distal
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Figure 7.2: A schematic representation of a telescopic fan and how this can
produce vertical pattern DP. Modified from Weissmann et al. (2002a).
deposits. These deposits are in turn overlain by medial deposits which comprise the
rest of the logs. The contact between distal and medial deposits appears to be fairly
abrupt in the field due to the sudden appearance of LACF deposits, however, the
relief of the erosion surface is generally minimal (Figure 7.5). Distal environments
comprise between 11.92% to 72.19% of the succession and medial deposits between
27.81% and 88.08%. Pattern DM is present at seven localities across the system,
generally situated within the centre of the system near and to the east of the Utah-
Colorado border.
Pattern M
Successions with pattern M present contain only deposits from a medial DFS en-
vironment. This pattern is present at seven localities, predominately situated within
the centre of the study area. The lack of distal deposits at the base, and proximal
deposits at the top of the successions implies no form of progradation occurred at
these seven locations. Pattern M is predominately found at localities situated in the
central to south-eastern sector of the fluvial system. However, the base of the succes-
sions at Durango and Summit Canyon were poorly exposed. It is possible, based on
the position of the locations within the Salt Wash fluvial system, that distal deposits
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could be present but were not recognised due to exposure quality.
Pattern D
Successions with pattern D present contain only distal DFS deposits. As pattern
D does not display any evidence of progradation, the extent of fluvial progradation
can be inferred and is estimated to be in the region of central and north-west central
Colorado, as depicted by the dotted line in Figure 7.1.
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Figure 7.5: Example images and log of pattern DM.
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7.2.1 Summary
It is evident from the vertical distribution of proximal, medial and distal deposits
within each log that the Salt Wash fluvial system prograded into the Morrison Basin
through time. The existence and extent of patterns DP, DMP and DM confirm this
as some form of progradation is observed at 16 of the 25 localities. On this basis the
progradation hypothesis can be accepted and the criteria set out in Weissmann et al.
(2013a) hold true.
7.3 Vertical analysis of LACF deposits
Although concerns were raised about exposure quality of deposits characteristic to
distal environments in Section 7.2, this is not regarded to be an issue when studying
the channel deposits as they are more resistant to weathering, and have less scree
coverage than the fine grained material, thus making them generally well exposed
across the area of study.
7.3.1 Vertical presence of LACF deposits
Weissmann et al. (2013a) state that an up-section increase in channel presence may
occur within a prograding DFS succession. To quantitatively test this hypothesis a
moving average over a 10m interval was initially applied to the deposits to see if the
LACF facies association increased in presence up-section. However, clear pitfalls were
apparent when using this methodology because, as is presented in Chapter 6, a large
range in LACF deposit thickness is observed within the dataset as well as a general
decrease in average LACF thickness occurring from proximal to distal regions. As a
result, great difficulty was found in selecting an appropriate thickness interval that
was applicable across the system and allowed thick and thin LACF deposits to be
accounted for while trying to avoid complicated and ‘noisy’ results. For example, a
thickness interval of 10m allowed general vertical trends to be captured at the most
proximal localities but did not account for thinner LACF deposits, particularly at
the most distal localities. A small thickness interval of 3m produced complex ‘noisy’
patterns in which an overall system scale trend was not able to be observed. It was
therefore decided that using a moving average was not an appropriate technique to
be used.
Dividing each log into thirds and calculating the percentage of channels present
within each third was found to be a more effective methodology as it allowed gener-
alised vertical trends to be observed while accounting for both thin and thick LACF
deposits. A comparison between the percentage of LACF deposits found within the
lower, middle and upper thirds could then be easily achieved to see if there is an
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Figure 7.6: Spatial distribution and explanation of different vertical patterns
present when the percentage of LACF deposits its calculated for each third.
increase or decrease in LACF deposits up-section within each sedimentary log. The
results can be seen in Figure 7.6 and Table 7.2.
As can be seen in Figure 7.6 and Table 7.2, five different vertical trends are
observed within Salt Wash deposits.
Pattern 1
Pattern 1 shows a progressive increase in LACF presence from the bottom, to mid-
dle to top third providing further evidence for the progradation hypothesis according
to criteria by Weissmann et al. (2013a). This pattern is the most prevalent pattern
as it is present at 15 of the 23 localities in which LACF deposits are found (note
at Blue Mesa Reservoir and South Canyon LACF deposits are not present). This
pattern appears to be uniformly distributed across the system and not concentrated
in any particular area.
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LACF percentage
Locality Lower third Middle third Upper third Pattern
Fifty Mile Point 55.46 65.51 63.25 2
Collet Canyon Incomplete section
Bullfrog 67.33 53.96 78.96 3
Halls Creek 22.6 48.63 72.42 1
Caineville 24.74 73.87 59.93 2
Hanksville 16.02 19.45 96.66 1
Montezuma Incomplete section
Butler Wash Rd 33.6 62.1 63.05 1
McElmo Canyon 20.72 59.08 29.79 2
Exit 149 I70 13.14 43.64 48.81 1
Buckhorn flat 0 45.54 83.71 1
Chimney Rock Rd 0 15.78 39.93 1
Salt Valley 0 36.79 33.91 2
Kane Springs 21.52 22.9 84.45 1
Summit Canyon 61.68 51.88 30.19 4
Slick Rock 32.11 52.71 55.59 1
Durango 0 23.68 36.6 1
Pinon 10.33 33.85 59.23 1
Atkinson Creek 21.94 35.59 25.96 2
Polar Mesa 5.44 52.44 57.31 1
Dewey 0 17.59 21.11 1
Colorado National Monument 0 0 22.75 1
Little Park 0 29.91 19.77 2
Dominguez Canyon 0 19.85 33.27 1
Smith Fork 0 0 51.98 1
Vernal 54.8 33.55 62.77 3
Blue Mesa Reservoir LACF deposits not present
South Canyon LACF deposits not present
Table 7.2: Percentage of LACF deposits within lower, middle and upper thirds at
each locality. For explanation of patterns see Figure 7.6.
Pattern 2
Pattern 2 is the next most prevalent pattern within Salt Wash deposits as it is
present at 7 of the 23 localities. This pattern is characterised by a progressive increase
in LACF presence from the bottom to middle thirds, but a decrease from the middle
to top third is observed. However, the values within the top third are still higher
than those in the middle third. This pattern suggests an initial progradation of the
system occurred followed by a minor retrogradation in the later stages of Salt Wash
deposition. Again this pattern is not unique to any particular area as it is present in
the most proximal, medial and most distal areas of the study area.
Pattern 3
As can be seen in Figure 7.6, pattern 3 is only present at Bullfrog. This pattern
is characterised by a decrease in channel presence from the bottom to middle third,
with the last third containing the highest percentage of LACF deposits. However, it is
worth noting that the percentage of LACF deposits present in the middle third is still
relatively high (53.96% (Table 7.2)). This pattern suggests an initial retrogradation
followed by a progradation of the Salt Wash fluvial system occurred.
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Pattern 4
Pattern 4 is only present at Summit Canyon. This pattern indicates a complete
retrogradation of the fluvial system through time as a progressive decrease in LACF
presence is seen from the bottom through to top third.
Discussion
Pattern 1 is the only pattern which provides conclusive evidence for the progradation
hypothesis as it indicates persistent progradation through time. Pattern 2 illustrates
an initial progradation during early Salt Wash deposition but does not provide ev-
idence for continued progradation through time, as it apparently retrogrades in the
latter stages of deposition. Pattern 3, again provides evidence for the occurrence of
some form of progradation, but rather at this location it occurred in the later stages
of deposition, and was not continuous through time. Pattern 4 provides evidence to
reject the progradation hypothesis, however, as this pattern only occurs at one local-
ity it does not provide enough evidence to wholly reject a system scale progradation
hypothesis, rather, it suggests that progradation of channels did not occur specifi-
cally at Summit Canyon. Thus the progradation hypothesis can be accepted when
analysing the presence of LACF deposits vertically within successions as some form
of progradation is observed at 22 of the 23 localities (i.e. a combination of patterns 1,
2 and 3). However, it must be noted that this is accepting some form of progradation
occurred, rather than accepting it was persistent through time at all localities. In this
respect the criteria set out in Weissmann et al. (2013a) that an increase in channel
presence should be observed up-section was found to be an effective criteria to test
the presence of progradation.
7.3.2 Thickness analysis of LACF deposits vertically
Weissmann et al. (2013a) also state an up-section increase in channel belt deposits
may occur within a prograding DFS model. To test whether a progressive increase
in LACF bed thickness occurs up-section, a runs order metric (ROM) analysis was
conducted. The runs order metric analysis analyses how many units successively
increase, I, or decrease, D in thickness, relative to the previous unit (Burgess, n.d.).
For example beds with thicknesses (in metres) of,
1,1.5, 2, 2.5, 3, 3.5
shows a progressive increase in thickness from one bed to the next. The example,
1, 1.5, 2, 2.5, 3, 2.5, 2
shows a succession that contains an increasing run that is 4 units in length, and a
decreasing run that is 2 units in length. A runs order metric (ROM) can then be
calculated using:
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r = (
∑n
1 Ij
n
) + (
∑n
1 Dj
n
) (7.1)
where j = the number within the succession, I is the j th element in the increas-
ing thickness upwards series, and D, is the j th element in the decreasing thickness
upwards series (Burgess, n.d.).
To obtain a ROM for a perfectly increasing succession, i.e. each bed is successively
increasing in thickness relative to the bed before, perfectly ordered successions were
created with the different sample sizes observed in the Salt Wash fluvial system, the
results of which can be seen in Table 7.3. This was done so that a comparison between
the observed succession and hypothetical increasing section could be achieved. The
ROM for successions studied and their associated p-values can be seen in Table 7.4.
number of beds
single succession
ROM
succession repeated
x2 ROM
Succession
repeated x3 ROM
1 0 0.83 0.83
2 0.5 1.17 1.22
3 1 1.63 1.67
4 1.5 2.10 2.13
5 2 2.58 3.09
7 3 3.07 3.58
8 3.5 3.56 4.07
10 4.5 4.55 4.57
13 6 6.04 6.05
Table 7.3: Table showing ROM for a perfectly increasing succession for various
sample sizes.
As can be seen in Table 7.4, Hanksville is the only locality at which the ROM
matches the hypothetical perfectly increasing section for the corresponding sample
size. All other ROM do not match the hypothetical perfectly increasing ROMs cal-
culated for their corresponding sample sizes. Thus it can be concluded that only one
succession, Hanksville, shows an increasing LACF thickness up-section. However, it
is important to note that Hanksville only possess three LACF bed deposits, and thus
there is a strong chance that the trend observed occurred by chance, and thus the
statistical significance of the observed trend is low.
However, issues with sample size are also discussed by Burgess (n.d.) who il-
lustrates how the ROM can change depending on sample size, with the ROM only
becoming stable when the dataset is composed of more than 20 stratigraphic units.
This is also evident in Table 7.3 as the ROM not only changes with number of
beds present, but also with changing succession length (i.e with how many times the
pattern is repeated). Issues arise when calculating the P-value as it is derived from
shuﬄing the observed dataset. With such small sample sizes a shuﬄed model dataset
does not have enough data to produce a well-defined histogram, and thus calculating
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LACF mean thickness
Locality lower third middle third upper third Pattern
Fifty Mile Point 10.02 8.47 7.29 4
Collet Canyon Incomplete section
Bullfrog 10.23 6.15 12 3
Halls Creek 3.18 5.68 7.65 1
Caineville 11 28.4 6.1 2b
Hanksville 2.8 3.4 16.9 1
Montezuma Incomplete section
Butler Wash Rd 12 6.55 8.35 3b
McElmo Canyon 3.28 6.6 2.77 2b
Exit 149 I70 2.9 6.05 8.3 1
Buckhorn flat 0 6.8 12.5 1
Chimney Rock Rd 0 3.2 4.05 1
Salt Valley 0 6.35 3.5 2
Kane Springs 4.15 4.4 18.5 1
Summit Canyon 15.12 6.31 3.7 4
Slick Rock 5.67 5.5 17.4 3
Durango 0 3.3 5.1 1
Pinon 2.83 4.22 9.58 1
Atkinson Creek 2.73 6.65 4.85 2
Polar Mesa 0 10.1 6.67 2
Dewey 0 3 1.8 2
Colorado National Monument 0 0 4.5 1
Little Park 0 7.55 3.7 2
Dominguez Canyon 0 3.55 3.97 1
Smith Fork 0 0 7 1
Vernal 4.45 0 11.58 3
Blue Mesa Reservoir LACF deposits not present
South Canyon LACF deposits not present
Table 7.5: Average LACF thickness within lower, middle and upper thirds at each
locality. For explanation of patterns see Figure 7.7.
a p-value from this becomes unreliable.
Due to the instability of ROM with small sample sizes the calculated P-values also
become unreliable as it is calculated from the unstable ROM values for the observed
and shuﬄed observed successions. As the maximum number of beds within a single
succession does not exceed 13, the reliability of ROMs for the Salt Wash dataset
is low. Another issue with the sample size lies with the uncertainty that trends
observed could occur by chance, something that shall be discussed in more detail in
the conclusion section at the end of this chapter.
An alternative, less vigorous approach has also been used in an attempt to iden-
tify a trend. The mean LACF thickness was calculated within each third of each
sedimentary log, and the results can be seen in Table 7.5 and Figure 7.7.
Patterns 1-4, described in the previous section, are also present when analysing the
average LACF thickness up-section (Figure 7.7). However, two additional patterns
were found.
Pattern 2B
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Figure 7.7: Explanation of different vertical patterns present when the mean
LACF thickness is calculated for each third. The spatial distribution of the different
patterns can be seen on the map.
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In Pattern 2B an initial increase in values is observed from the bottom to middle
third. However, a significant decrease in values is then observed from the middle
to top third, with the value in the final third being lower than that of the lower
third. This pattern suggests an initial progradation that is followed by a stronger
retrogradation than pattern 2 in the later stages of deposition. Pattern 2B is only
present at two localities.
Pattern 3B
Pattern 3B is similar to pattern 3 in that a decrease in values is observed from
the lower to middle thirds. However, it differs from the middle to upper thirds as
the increase in values is smaller than the value within the lowest third. This pattern
suggests a retrogradation of the fluvial system followed by a minor progradation
occurred at the two localities it is present at. Again, this pattern does not appear to
be spatially restricted to one area.
Discussion
In common with the LACF percentage dataset, pattern 1 of the thickness variation
analysis indicates persistent progradation through time. This pattern is present at
11 of the 23 localities and is observed across the whole of the study area. This
pattern provides evidence to support the progradation hypothesis. Patterns 2 and
2B also provide evidence that some form of progradation occurred during the initial
stages of deposition but was followed by a retrogradation, that varies in strength,
during the latter stages of deposition at 7 of the 23 localities. Pattern 2 appears to
be mainly distributed around the northern periphery of the study area, around the
Utah/Colorado border. Patterns 3 and 3B suggest progradation only occurred during
the latter stages of Salt Wash deposition at 3 of the 23 localities. Thus patterns 2,
2B, 3 and 3B provide evidence that the Salt Wash fluvial system did at some point
prograde at 10 of the 23 sites at which the patterns are present, however, the timing
of progradation, in terms of either during the initial or latter stages of deposition,
varies. Pattern 4, which is present at 2 of the 23 localities, is the only pattern that
provides evidence to reject the progradational hypothesis as a decrease in LACF mean
thickness is continually observed up-section.
7.4 Vertical analysis of palaeosols
Hartley et al. (2013) recognise a downstream change in soil distribution from rela-
tively well-drained and dry soils to relatively poorly-drained wet soils on a number
of studied modern DFS. Based on soil distributions patterns documented in Hartley
et al. (2013), Weissmann et al. (2013a) hypothesise that an up-section change from
Chapter 7. Vertical trends analysis 251
poorly-drained soils to better-drained palaeosols may occur within a prograding DFS
succession. To test the presence of this trend each sedimentary log was again split
into thirds. Within each third the proportion of each palaeosol type was calculated.
The results can be seen in Figure 7.8 and Table 7.6. As no clear spatial trends were
identified in Section 6.7, the expectation of vertical trends being present within the
palaeosol dataset were low.
Figure 7.8: A map showing the percentage of each palaeosol type present within
each third of each sedimentary log. The area covered by each palaeosol type is
equivalent to the percentage of each deposit present within each third. Percentages
are obtained from total palaeosols deposits rather than of the total deposits
wholesale. * denotes sites that posses more than 50% poor floodplain exposure
quality.
As discussed in Section 6.7, the quality of floodplain exposure limits the interpre-
tation of the palaeosols (Table 6.1 documented the quality of floodplain exposure at
each locality). The same concerns are also present when analysing vertical palaeosol
trends. It is not known with any confidence whether any palaeosols are present in
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the poorly exposed floodplain material and thus any interpretations of palaeosol dis-
tribution at sites with poor exposure must be treated with caution and the results at
a number of sites are inconclusive. Sites with more than 50% of floodplain exposure
missing are marked with an asterix in Figure 7.8.
However, if it was assumed that the palaeosols documented are a reliable repre-
sentation of palaeosols present, the model put forward by Weissmann et al. (2013a)
is only applicable to 6 of the 25 localities; Hanksville, Salt Valley, Little Park,
Dominguez Canyon, Pinon and Smith Fork. Images and example logs of this pattern
can be seen in Figure 7.9. As is illustrated in Figure 7.8, all other localities show an
apparent random vertical distribution of palaeosols vertically within the succession
with no clear trends being present. This could firstly be a function of the poor expo-
sure quality experienced at certain localities, or secondly, may be a function of the
climate and hydrology of the system. As was discussed in Section 6.7, the climate
during Salt Wash deposition is thought to be similar to that of an African savannah
environment. Based on palaeosol distribution patterns identified in Section 6.7, the
Salt Wash fluvial system appears to have only experienced low depth to water ta-
ble conditions at a limited number of localities. Therefore poorly-drained palaeosols
would only be very locally present across the system, rather than ubiquitously present
down-dip of a spring line, as it appears that at least in the area studied, a system
wide spring line was not present on the Salt Wash DFS. Therefore it is not plausible
for all localities to possess the Weissmann et al. (2013a) proposed palaeosol pattern.
Weissmann et al. (2013a), do note that local water table and climate conditions may
affect the presence of the proposed model. It is stressed that these interpretations
are based on the deposits exposed and documented, and as many sites posses very
low amounts of good-quality exposure, the reliability of the dataset is questioned.
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7.5 Discussion
7.5.1 Evidence for progradation?
Table 7.7 shows Hanksville to be the only locality at which all five criteria tested
provide evidence for successive progradation of the Salt Wash fluvial system. Sum-
mit Canyon, Blue Mesa Reservoir and South Canyon show no evidence, through any
of the criteria, for progradation. However, this is taking into account all five cri-
teria, including the ROM and palaeosol datasets. As there is little confidence with
the palaeosol dataset this shall be largely omitted from the discussion that follows.
This section will just take into account the facies stacking pattern, LACF presence
and mean LACF thickness datasets as the ROM dataset provided no evidence for
progradation.
Within the Salt Wash 22 out of 25 localities provide evidence that the Salt Wash
DFS was a prograding fluvial system (Table 7.7). However, the extent of progra-
dation is not uniform. 11 of the 25 localities show evidence from at least 2 criteria
for successive progradation throughout Salt Wash deposition whereas 9 of the 25 lo-
calities, based on 2 criteria, suggests progradation did occur, but was not persistent
throughout deposition. Slick Rock and Butler Wash Rd provide limited evidence
for progradation; both localities provide evidence for a sustained progradation when
analysing the channel presence up-section, but they see a drop in the mean LACF
value from the lower to middle third. This suggests a higher concentration of smaller
channels is present during this stage of deposition. It is however considered that these
localities do provide evidence for progradation. The last three localities, Summit
Canyon, Blue Mesa Reservoir and South Canyon, show no evidence for progradation
in any of the criteria.
It can thus be concluded that a majority of locations do provide evidence for
progradation, but the extent and duration is not uniform.
Statistical significance of results
It is important to discuss the statistical significance of the trends seen. Analysis
of the deposits within this chapter has largely been achieved through splitting the
logs into thirds, and comparing results between each third. It can be argued that
the statistical significance of the trends described is low, because there is a high
chance the patterns observed could occur by chance, as they are often based on the
comparison of just three figures. This comment is valid when analysing individual
logs, however, as has been demonstrated in the previous section, the same trends
are repeatedly observed across the system. Thus, although individually they may
be deemed to have low statistical significance, combined they do provide a sound
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statistical basis for proving the presence of progradation.
7.5.2 Drivers and controls of progradation
Accommodation/sediment supply changes
Sedimentary systems are reported to prograde to fill available accommodation when
the rate of sediment supply outpaces the rate at which accommodation is created
(Shanley & McCabe, 1994, Posamentier & Allen, 1999, Holbrook et al., 2006, Weiss-
mann et al., 2013a). When the rate of accommodation creation is lower than the
rate of sediment supply a sedimentary system will prograde, when the two are in
balance the system will aggrade, but when the sediment input rate is lower than
that of accommodation creation a system will retrograde (Miall, 2000). Changes in
the accommodation/sediment supply (A/S) regime have been interpreted by Kjem-
perud et al. (2008) to be responsible for up-section patterns observed in Salt Wash
fluvial deposits at Capitol Reef National Park, UT, and by Trendell et al. (2013)
for the progradation of the Chinle Formation at Petrified Forest National Park, AZ.
Changes in the (A/S) regime can therefore provide a mechanism for producing pat-
terns observed within Salt Wash deposits. However, as shall be presented in Chapter
8, this thesis is of the view that Salt Wash deposition occurs during the initial stages
of foreland basin creation, with the creation of accommodation being the result of
initial loading as the thrust system develops.
Facies stacking patterns and A/S regimes
As was commented in previous sections two styles of progradation appear to be
present when analysing facies stacking patterns. The first pattern shows an ordered
transition from distal to medial facies (pattern DM), and in some instances proximal
facies are observed to cap the deposits (pattern DMP). This pattern implies the
A/S regime decreased through time, either due to increased sediment supply under
constant subsidence rates, a decrease in subsidence rates with constant sediment
supply, or an increase in sediment supply and decrease in subsidence rates. All of
these scenarios will ultimately cause progradation of the facies belts forward. The
second pattern (pattern DP), is characterised by a sudden transition from distal to
proximal deposits and also indicates a decrease in the A/S regime occurred through
time. However, this stacking pattern suggests the A/S regime was lower than that of
patterns DM and DMP, as the A/S regime is low enough to either completely remove
medial deposits, or was low enough to entrench the channel and allow sediment
bypass to occur, resulting in a telescopic fan scenario. It is believed this is a function
of basin location as pattern DP is only found at the most proximal part of the
study area, as is shown in Figure 7.10. Weissmann et al. (2013a) note that proximal
areas are characterised by low A/S regimes due to the high sediment input, with the
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Figure 7.10: A map showing how various criteria compare with each other.
Letters in capitols correspond to facies stacking patterns described at the beginning
of the chapter.
A/S regime increasing further downstream as sediment supply decreases and more
accommodation space becomes available not only vertically but laterally as the DFS
spreads over a wider aerial extent. Therefore a gradual facies transition is most likely
to occur further in the basin as the deposits have a higher preservation potential due
to the A/S regime being higher than that of proximal areas.
Those localities that possess only medial or distal facies (patterns D and M) are
interpreted to have a relatively stable A/S regime through time, whereby sediment
input rate does not exceed accommodation creation, allowing the system to simply
aggrade.
LACF datasets and A/S regimes
Out of the studied localities 11 of the 23 localities, shaded in yellow in Figure
7.10, show a progressive increase in mean LACF thickness and LACF presence and
can be interpreted to have a relatively simple A/S regime whereby it persistently
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decreased through time driving progradation throughout deposition. This pattern is
not found to be clustered in a particular part of the study area, but rather is found
across the system. 6 of the 23 localities, shaded in purple in 7.10, show evidence for a
partial progradation from both the mean LACF thickness and LACF presence anal-
ysis. These localities are interpreted to have a more complex A/S regime, whereby
increases or decreases in the A/S regime through time are inferred through respective
increases, or decreases, in values up-section. 4 of the 23 localities, shaded in light
green in Figure 7.10, show evidence for a full progradation from the LACF presence
dataset, but only for a partial progradation from the mean LACF thickness dataset.
The percentage dataset suggests a decrease in the A/S regime occurred through time,
however, the LACF mean thickness dataset suggests the channels did not thicken con-
currently up-section, but rather a higher concentration of smaller channels occurred.
1 locality, shaded in dark green in Figure 7.10, showed no evidence for progradation
within the mean LACF dataset, but showed evidence for partial progradation within
the LACF percentage dataset. The LACF percentage dataset implies a decrease in
the A/S regime occurred at some point during deposition, but the thickness did not
change.
From this analyses it is clear that the two LACF analyses do not always concur-
rently provide evidence for either full, partial or any progradation within the suc-
cessions. This illustrates the importance of testing both criteria within a potential
prograding DFS as the absence of an increasing thickness trend may not necessarily
mean that an increase in channel presence is not present, and therefore evidence for
progradation is not present.
Comparison between criteria
Figure 7.10, indicates there is no correlation between results obtained from the
LACF analyses and the facies stacking pattern analyses. For example, when evidence
is present for a full progradation with both the mean LACF thickness and percentage
datasets, facies stacking patterns DMP, DM and M can be present. Similarly when
both the mean LACF and percentage dataset imply a partial progadation occurred,
patterns DP, DMP, DM and M can be present. A comparison between just the LACF
presence data and facies stacking patterns was also conducted. As can be seen in
Figure 7.11, no correlation between the two criteria appear to exist. For example,
when the LACF dataset implies a full progradation occurs (i.e. a progressive increase
up-section), facies stacking patterns DMP, DM and M can be present.
Strong et al. (2005) demonstrated through modelling techniques that changes in
the A/S can cause fluvial systems to also retrograde, a view that is mirrored by
Weissmann et al. (2013a). Interestingly some patterns, such as a decrease in LACF
presence could imply a retrogradation of the Salt Wash fluvial system. However, the
vertical facies trend analyses does not indicate this to be the case as a back stepping of
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Figure 7.11: A map showing how facies stacking criteria correlates with patterns
observed in the LACF percentage dataset.
facies tracts, i.e. an upward transition from medial to distal facies, or from proximal
to medial facies, is not observed at any of the localities studied. This may be because
the initial changes in the A/S regime were large enough to cause progradation of
the system basinward, yet the increase in A/S regime, as implied by the decrease in
LACF presence, may not have been large enough to instigate retrogradation. The
change in LACF presence could also be recording lobe switching as the DFS builds
through time.
This section highlights the importance of testing all of the criteria cited in Weiss-
mann et al. (2013a) when analysing a potential prograding fluvial sequence as even
if one criteria does not show evidence for, or against, progradation, it does not nec-
essarily mean that other criteria will provide evidence for, or against, progradation.
This raises the question of which criteria is the most reliable and robust to use when
analysing a potential prograding DFS succession.
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Within Chapter 6 an indisputable downstream change in LACF belt thickness
was not identified. It was also noted that many localities possessed a high range in
LACF belt thicknesses. Based on these observations, confidence in using the mean
LACF thickness as a reliable indicator for progradation is lower than that of other
criteria. This is also evident from the ROM analysis as this suggests progradation
of the system at 22 of the 23 localities did not occur as the mean LACF thickness
does not progressively increase up-section, yet facies stacking patterns and LACF
percentage analyses does. It can therefore be seen that calculating the change in
LACF presence up-section is a more reliable indicator of changes A/S regimes.
The vertical facies stacking pattern criteria ensures that more than one single
characterisitc is used to define the different domains. Based on this it is considered
to be the most robust criterion to use when trying to identify progradation within a
fluvial succession. If this is not possible the change in percentage of LACF deposits
is viewed to give a more robust criteria than the changes in LACF thickness.
When exposure style, and local climate conditions allow, the palaeosol dataset
is also viewed to be a good criterion to use. It is however, recommended that an
initial spatial analyses should be conducted in order to gain a handle on whether
downstream trends do exist, because if they do not it is unlikely that an up-section
change will be present.
In conclusion it is recommended that all of the criteria described by Weissmann
et al. (2013a) should be used in conjunction with each other as they all provide
important information on changing conditions through time.
Migration of the apex
Weissmann et al. (2013a) report that apices migrate basinwards in foreland basin set-
tings as thrust systems propagate forward. This is demonstrated in Cenozoic strata
in Argentina by DeCelles et al. (2011). This scenario could be plausible within the
Morrison as Decelles (2004) and Currie (1998) argue the Cordilleran thrust belt prop-
agates eastward during Late-Jurassic through to Cretaceous times. The propagation
of the foreland basin system provides an alternative hypothesis for the main driver of
progradation rather than solely changes in the A/S regime. In this respect a progra-
dation of the system would occur as the apex would move forward and push facies
tracts basinwards. This hypothesis also gives a mechanism for restricting the ret-
rogradation of the system as the topographic barrier, and therefore apex, has moved
basinward, the apex is unable to shift back into its original position. However, as
discussed in Chapter 1, the timing of thrusting is contentious with some authors ar-
guing for thrusting at the beginning of the Late Jurassic (Royse, 1993; Currie, 1997),
with foreland basin and forebulge migration through the Late Jurassic through to
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the Cretaceous (Currie, 1997), while others argue for post-Morrison thrusting (Heller
et al., 1986).
Timing of progradation
There are no marker beds present within Salt Wash deposits to correlate the logs.
Conclusions on when pulses of progradation occurred relative to each other therefore
cannot be made. It could be speculated that if a basin wide decrease in the A/S
regime occurred it could be possible to correlate the progradation pulses with each
other. It is equally plausible that the A/S regime differed as the DFS built over time,
with different lobes being deposited under different A/S regimes. In this scenario
it could be possible to correlate the partial or full progradation signatures as being
deposited at the same times due to being under the same A/S regimes. However, it
could also be plausible that the same progradation signatures could be deposited at
different times, but just had the same A/S regime. This is a plausible scenario as the
different lobes develop through time to construct the DFS.
7.5.3 Conclusions on controls of progradation
Ethridge et al. (1998) noted that deciphering key controlling factors for sedimentary
sequences can be challenging as different factors may produce the same signature,
or indeed it may be the case that several controlling factors could be responsible
for characteristics observed. This is particularly evident when studying the Salt
Wash as it appears a variety of factors, such as sediment supply, accommodation
and propagation of the thrust front, could be responsible for the progradation of the
system.
The eastward migrating subduction zone to the east is the key controlling factor
in creating the initial accommodation for the system through dynamic subsidence
(Decelles, 2004). The tectonic processes occurring were also responsible for creating
a source area and a possible north-eastward migration of the Salt Wash apex.
Detailed vertical sedimentary analyses of the deposits has revealed the prograda-
tion of the system was not uniform and simple, as subtle and complex patterns are
recognised both temporally and spatially across the system. This may firstly be due
to subtle differences in the A/S regime either spatially or temporally as this will effect
whether a progradation or retrogradation pattern is present and/or similarly the con-
centration of LACF deposits at a particular site and time interval. Similarly subtle
changes to the A/S regime, i.e. subtle changes in sediment supply, within an overall
decreasing A/S will cause inhomogeneities within a system. Secondly, the very nature
by which DFS build (i.e. lobe switching), will create inherent inhomegeneity within
the deposits as one lobe may not have been constructed under the exact same A/S
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regime as a previously deposited lobe. It also must not be forgotten that facies, such
as channels, are features that are not only under the influence of wider controls but
are also influenced at the local scale, and as a result of local variation inherent homo-
geneity is to be expected and thus it is deemed unlikely that perfect progradational
patterns will be present across the whole system. This highlights the importance of
gaining an overall system view, as it enables the differentiation of system scale and
local patterns and controls to be gained.
It is clear from the characteristics displayed that overall a relatively low A/S
regime is present during Salt Wash deposition within the SW portion of the Morrison
Basin. Deciphering whether this is the case because of particularly high sedimentation
rates, or particularly low subsidence rates, or a mixture of the two is not easily
achievable. Subsidence rates within the Morrison during Salt Wash deposition have
been calculated by Robinson & McCabe (1998) to be low, with rates of 0.0062mm/yr
for a section near Notom and 0.022mm/yr for Bullfrog based on fission-track ages
from bentonites by Kowallis & Heaton (1987). However, different rates were yielded
by Ali-Adeeb (2007) who calculated a rate of 0.039mm/yr in the Freemont River area,
and 0.121mm/yr in southern Henry Basin based 40Ar/39Ar laster fusion ages provided
by Kowallis et al. (1998). This could be providing further evidence for differential
A/S regime spatially, or indicate one set of calculations is less robust than the other.
However, these calculations do not help decipher what the sedimentation rate is, but
merely gives us an idea of how much sediment was preserved over a period of time.
The rate of sedimentation is deemed to be one of the key controlling factors in
the development of patterns seen within the Salt Wash DFS. Without sustained,
or increased, sediment input the fluvial system would not be able to prograde and
produce the deposits that are present, as without a reasonable sediment delivery, the
system will simply retrograde, or be absent. An increase in discharge is also needed to
transport the coarser sediment as without this, the system would simply aggrade and
backfill. This is evident from the LACF grain size dataset as without either increased
sediment input due to processes occurring in the hinterland, or reworking processes as
a result of low accommodation in the more proximal areas, coarse sediment delivery
is not possible. In this respect the Salt Wash fluvial system is deemed to be an
upstream fluvial system (Kukulski et al., 2013) as it appears to be disconnected
from sea-level, but not endorheic, and primarily controlled by upstream influences
(i.e. sedimentation rate and discharge). Accommodation is another key controlling
factor, defining the total space available for sediment accumulation, which in the case
of the Salt Wash DFS is controlled through tectonic induced subsidence, rather than
base level controls such as sea level or lake level fluctuations. Legarreta & Uliana
(1998) also interprets the Neuque´n Fan within Argentina to be primarily controlled by
discharge, i.e. upstream influences, with a decrease in discharge bringing about a back
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stepping of the system and an increase resulting in a progradation of the system. Cain
& Mountney (2009), similarly interpret retrogradational and progradational cycles
within the Organ Rock Formation, UT, to be a function of climate, and therefore
upstream controls. Similar trends are also described by Huerta et al. (2011), who
also concludes changes in the A/S regime are responsible for trends observed in the
Almaza´n Basin, Spain. The Salt Wash DFS differs to the Organ Rock Formation and
Neuque´n Fan in that it generally coarsens up-section opposed to the overall fining
up-section described by Legarreta & Uliana (1998) and Cain & Mountney (2009).
However, if the Brushy Basin was taken to be a continuation of the Salt Wash DFS
(discussed in Chapter 8), the same overall fining pattern described by Legarreta &
Uliana (1998) and Cain & Mountney (2009) would be present.
It is reiterated that even within a stable A/S regime, a natural difference in the
A/S regime is present across a basin as sediment input is higher in the proximal
areas, and thus decreases accommodation, than distal areas, where less sediment is
generally received due to deposition in the more proximal areas, as well as laterally
there being more accommodation. This difference is also thought to be a contributing
factor for the presence of abrupt transitions in proximal areas and more transitional
in medial and distal areas.
Kjemperud et al. (2008) note cyclicity within an overall decreasing regime and he
relates this to a changing A/S regime through time. However, this study has shown
that the trends described by Kjemperud et al. (2008) cannot be extrapolated across
the system. The view presented here is different to that of Robinson & McCabe (1998)
who speculate downstream base level controls as a result of shrinking and expanding
downstream lacustrine systems are responsible for vertical trends observed within
the Henry Mountains area, UT. This interpretation is not accepted as this study has
shown in previous chapters that the lacustrine systems present in the distal domain
are of limited aerial extent, and thus it seems highly unlikely that such a small
scale body of water can have over-riding controls on a system the size of the Salt
Wash fluvial system. Currie (1998) claims patterns observed in the Salt Wash are
related to interactions between basin accommodation development, sediment supply
and migration of foreland basin system flexural components, a view point that is
mirrored within this thesis.
7.6 Conclusions
Burgess (n.d.) noted that order within successions should only be made when quan-
titative evidence is present. This chapter has successfully quantified most criteria
that are thought to be indicative of a prograding fluvial succession, and has thus
quantitatively provided evidence for the progradation hypothesis. The progradation
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hypothesis set forth in Weissmann et al. (2013a) for the Salt Wash fluvial system is
accepted based on the results obtained. Possible causes of progradation have been
discussed with a combination of factors such as the eastward migration of the thrust
system, and therefore apex, and changes in the A/S regime being held mainly re-
sponsible.
Chapter 8
The Morrison depositional area
8.1 Introduction
The Morrison depositional area had a large aerial extent during the Late Jurassic. Its
southern limit is reported to be from central Arizona across to central New Mexico
and extended as far north as southern Canada (Figure 1.2). The Morrison Formation
is composed of many stratigraphic units across the basin, either being members of the
Morrison Formation or being categorised as other formations that are approximately
age equivalent to the Morrison Formation (Turner & Peterson, 2004). A discussion of
the different members within the basin and how the Salt Wash Member interacts and
relates to the other members is presented within this chapter. This will mainly com-
prise field observations and a review of published literature for members not observed
on fieldwork. A lithostratigraphic column showing the members and formations dis-
cussed can be seen in Figure 8.1. This chapter will talk about the different units
described in terms of depositional systems, as opposed to lithostratigraphic units, in
order for a systems approach to be taken.
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8.2 The Salt Wash DFS and the systems it inter-
acts with
The Salt Wash fluvial system is reported to interact with several other different
depositional units (Craig et al., 1955; Turner & Peterson, 2004), with general field
observations supporting these claims. The relationships that exist between the Salt
Wash fluvial system and other systems shall be described and discussed within the
following section to help reconstruct the depositional environment during the Late
Jurassic in SW USA. Figure 8.1 demonstrates how the different units stratigraphically
relate to each other.
8.2.1 Salt Wash DFS - Brushy Basin/Fiftymile system inter-
action
The Brushy Basin system is the topmost unit of the Morrison Formation within the
Colorado Plateau area (lithostratigraphically known as the Brushy Basin Member).
As discussed within Chapter 1, the transition from the Salt Wash fluvial system into
the Brushy Basin system can be ambiguous (Peterson, 1988b), largely because both
were deposited within fluvial channel, overbank wetland and lacustrine environments
and therefore no substantial facies transitions are present. Arguments for an abrupt
transition are given by Tyler & Ethridge (1983a) within the Slick Rock Region, CO,
a gradational and interfingering transition is described to locally occur within Utah
by Peterson (1986) and Demko et al. (2004) states there is a palaeosol unconformity
present between the two members in central Utah. Where exposure permitted obser-
vations within the field were made on the contact between the two systems. Abrupt,
gradational and palaeosol bounding transitions were observed. Figure 8.2, shows the
nature of the contact observed at the localities studied.
A spatial control appears to be present on the type of contact observed. At the
most proximal and medial localities studied a more abrupt transition was most com-
monly observed (Figure 8.2). An abrupt transition is characterised by the presence of
a strong contrast between the highly amalgamated sand-rich Salt Wash fluvial system
deposits to the thick mud-rich deposits that belong to the Brushy Basin system. The
deposits possess a distinctive red, purple and green colouration and contain channels
that are more discrete in nature than those observed within the Salt Wash fluvial
system. Examples of an abrupt transition can be seen in Figure 8.3. At Caineville,
the Mid-Morrison palaeosol unconformity (Demko et al., 2004) separates the two
systems, showing a depostional hiatus exists here.
To the east and north east of the study area, distal DFS facies deposits characterise
the Salt Wash fluvial system, with channels decreasing in size and presence, and
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Figure 8.2: Map showing the type of contact observed at each locality between
the Salt Wash fluvial system and the Brushy Basin Member. Dotted line depicts a
dividing line between abrupt and transitional contacts.
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floodplain facies becoming more dominant (Chapter 6). As a result of a change in
facies distribution within the Salt Wash fluvial system, the Salt Wash and Brushy
Basin systems lose the sharp contrast that is present further upstream as the Salt
Wash no longer shows the distinctive sand-rich channel belt deposits that the Brushy
Basin Member lacks. A gradational contact is observed at seven of the localities
studied, and are mostly located in the eastern portion of the study area (Figure 8.2),
examples of which can be seen in Figures 8.3 and 8.4. When a gradational contact is
present the Brushy Basin Member shares similar characteristics to distal Salt Wash
facies, and therefore confidence in determining the top of the Salt Wash fluvial system
is lower. For example, at Dominguez Canyon (Figure 8.4), the top of the Salt Wash
fluvial system could be defined as being point 1 , when studying the SE end of
the section. However, laterally to the NW another discrete channel body is present
but is higher within the succession, despite possessing Brushy Basin characteristics
laterally (point 2 , Figure 8.4). This demonstrates the gradational and sometimes
interfingering contact between the two members that is common in the downstream
reaches. In these situations, the top-most reasonably continuous sandbody, that does
not have an appreciable amount of mud below it, is taken as the top of the Salt Wash
fluvial system so that consistency is maintained across the system. At these localities
no impression of a hiatus in deposition is present as the interfingering nature implies
that relatively continuous deposition occurred.
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From this system scale study it is thus seen that the type of contact observed
between the Salt Wash fluvial system and the Brushy Basin system is spatially con-
trolled, and is largely a function of the facies distribution of the Salt Wash fluvial
system, with a more abrupt transition being observed when proximal and medial
facies dominate and a gradational interfingering contact observed when distal DFS
facies are prevalent. This is also true further SW within the Kaiparowits Basin
where another fluvial package composed of fluvial sandstones and overbank muds,
called the Fiftymile Member, is present. The Fiftymile Member is thought to be
the proximal facies of the Brushy Basin Member, and is thus considered within this
study to be part of the Brushy Basin system, and is laterally equivalent to the West-
water Canyon Member (Peterson, 1988b) (Figure 8.1). Distinguishing between the
lower Salt Wash Member and upper fluvial Fiftymile Member is not easy within
the Kaiparowits plateau, as both units have a similar appearance due to them both
having proximal facies present. A higher abundance of chert pebbles that are red,
orange, green brown, and tan (often referred to as the ‘christmas tree conglomerate’)
within the Fiftymile Member is reported to be the criteria which enables distinc-
tion between the two units (Peterson, 1988b). Based on the distribution of channels
within the Brushy Basin Member, it has been suggested by Craig et al. (1955) that
the Salt Wash and Brushy Basin share the same source areas. It is speculated that
this information, coupled with the fact that both Members represent fluvial and as-
sociated environments, and the presence of an interfingering and gradational contact
at the most proximal localities and distal localities, that the Brushy Basin system is
a continuation of the Salt Wash fluvial system.
A number of reasons could be behind the difference in appearance that has led
the deposits to be lithostratigraphically split. The Brushy Basin system, as seen in
Figure 8.3, is substantially more mudstone-rich than the Salt Wash fluvial system
outside of the Kaiparowits Basin, with channels being more sparse. However, as this
system wide study has shown the difference in appearance that has led the two to
be split, is not consistent across the study area as the two are similar in appearance
within the Kaiparowits area and from central-eastern Utah and further east.
The difference in characteristics between the two units could imply that the
Brushy Basin system was deposited under a much higher A/S regime than that
of the Salt Wash fluvial system, either due to an increase in accommodation that
allowed the coarser sediments to simply aggrade in the most proximal regions (i.e.
the Kaiparowits Basin), or the Brushy Basin system was starved of coarser grained
sediment. The difference in nature could also be a result of the Brushy Basin system
tapping a more mud-rich source rock, either due to unroofing within the hinterland,
or be a result of it being sourced from a different area to the Salt Wash DFS. However,
despite the Brushy Basin system being substantially more mud-rich, conglomeratic
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channels are reported to be present across the system Craig et al. (1955), thus imply-
ing that there was a coarse sediment supply. Galli (2003), states from modal analyses
of 87 sandstones that up-section changes in channel sandstone composition implies
that a major tectonic pulse occurred during the Salt Wash-Brushy Basin transition,
which is also mirrored by an increase in volcanic ash content within the Brushy Basin
system. This tectonic event could provide the extra accommodation that may have
been present during Brushy Basin deposition or introduce a different source area for
the system. At this point in time these ideas are only speculative based on data
presented, and to fully test this hypothesis a system wide study, similar to that con-
ducted within this thesis, is needed to further determine the Brushy Basin Member’s
depositional environment, to clarify what similarities and differences exist and what
the different controls were. To the authors knowledge such a study has to date not
been conducted on the Brushy Basin Member.
The Brushy Basin system is reported within the southern San Juan Basin, NM,
to be capped by an informal stratigraphic unit called the Jackpile Sandstone (Figure
8.1). The contact between the two is reported to be gradational and interbedded
(Owen et al., 1984). The Jackpile sandstone is a distinctive bed within the Brushy
basin system that hosts Uranium deposits (Owen et al., 1984). The sediments are
coarse to medium grained and are interpreted to be deposited within a fluvial channel
environment on an alluvial-fan complex with flow heading in a easterly to north
easterly direction (Owen et al., 1984). It is questioned as to whether the Jackpile
Sandstone should be regarded as a separate lithostratigraphic unit as argued by
Owen et al. (1984), as it appears to be a channel of the Brushy Basin system based
on descriptions given in Owen et al. (1984). It is contemplated that the Jackpile
Sandstone, like the Fiftymile Member, merely represents the more proximal facies of
the Brushy Basin Member, but within the San Juan region.
8.2.2 Salt Wash DFS - aeolian interaction
The Bluff Sandstone and Junction Creek Sandstone Members are the same deposi-
tional unit, but have been given different lithostratigraphic names, with the Bluff
Sandstone representing basal Morrison deposits in SE Utah and the Four Corners
region while the Junction Creek Sandstone represents basal Morrison deposits in
south-western Colorado (Figure 8.1) (Condon & Peterson, 1986; Turner & Peterson,
2004). Both Members are aeolian units that were deposited by winds that trans-
ported material from the west (Dickinson & Gehrels, 2009). Peterson (1986) states
the sand for the Bluff erg deposits were sourced from contemporaneous Salt Wash
river deposits. However, Dickinson & Gehrels (2009) argue the westerly winds may
have carried arc-derived grains directly from the Cordilleran Orogen into the Morrison
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basin. Dickinson & Gehrels (2009) also claim from net grain population studies that
the material within the Bluff Sandstone may have been from recycled older aeolian
deposits.
The stratigraphic position of the Bluff Sandstone Member is debated, with O’Sullivan
(2010) describing six different stratigraphic positions at which the base of the Bluff
Sandstone has been placed by various authors. Some authors such as Craig et al.
(1955), Anderson & Lucas (1997), Lucas & Heckert (2005) and Dickinson & Gehrels
(2009) place the Bluff Sandstone into the San Rafael Group, below the J5 Uncon-
formity, while others place it above the unconformity making it Morrison equivalent
age (Gregory, 1938; Condon, 1985; Peterson, 1986; Blakey, 1988; Demko et al., 2004;
Turner & Peterson, 2004). According to Dickinson & Gehrels (2009), the Bluff Sand-
stone has also been been split into two, with the J5 Unconformity resting within the
Bluff sandstone in between the horizontally bedded Bluff Sandstone, representing
aeolian sand sheets, and the upper cross-bedded Bluff Sandstone, representing large
scale dune migration.
The term Bluff Sandstone is used here to describe aeolian deposits belonging to
rocks assigned to the Bluff and Junction Creek Sandstone Members. The Bluff Sand-
stone erg was observed at Butler Wash Rd, McElmo Canyon, Durango, Blue Mesa
Reservoir and Smith Fork, and additionally at Almont, where general stratigraphic
observations were made (Figure 8.5). At all localities apart from Almont, deposits be-
longing to the Salt Wash fluvial system rest upon the Bluff Sandstone deposits. The
contact between the two is not erosional, although the top surface of the Bluff Sand-
stone erg was often undulating, above which mudstones belonging to the Salt Wash
fluvial system rest (Figure 8.7). The Bluff Sandstone stratigraphically lies above the
marginal marine Summerville or Wanakah Formations. At Almont an erosional con-
tact between the Bluff Sandstone erg and Salt Wash fluvial system is observed, with
channels eroding into the aeolian deposits (Figure 8.7). The Bluff Sandstone also
differs in that it lies stratigraphically above intrusive granitic basement rocks rather
than marginal marine deposits.
The thickness of the aeolian deposits was noted to vary across the study area,
with the thickest deposits being found in the southern portion of the study area such
as at Butler Wash Rd (∼125m thick) and the thinnest deposits being found at the
most easterly distal localities (Smith Fork (18.3m) and Almont (∼20m)). O’Sullivan
(1980) shows the Bluff Sandstone Member as having a variable thickness from Bluff
to Wilson Arch (for location see Figure 8.5), with an overall thinning occurring from
south to north.
At all localities, excluding Butler Wash Rd, the Bluff Sandstone is characterised
as being a large massive sandstone body within which cross-bedding, soft-sediment
deformation and horizontal laminae could be seen. The deposits at Butler Wash
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Figure 8.5: Localities at which the Bluff Sandstone Member was observed.
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Figure 8.6: Example of possible interdune package within the Bluff Sandstone at
Butler Wash Rd.
Rd differ as two intervals of interbedded sands and muds were observed (visible on
Butler Wash Rd sedimentary log within foldout A and Figure 8.6). The heterolithic
packages were not observed to be laterally extensive as they pinch out into the ae-
olian dune deposits. The sandstones are thin (maximum thickness of 50cm), have
a sheet geometry and often possess an erosional base. Sedimentary structures were
not observed, however the exposure was of poor quality. Sedimentary structures or
pedogenic features were also not observed within the mudstones but a brown to red
colouration was evident.
Due to the lack of sedimentary structures, the depositional environment of the
heterolithic deposits cannot be determined. Based on other reports of the Salt Wash
fluvial system interacting with aeolian Bluff Sandstone deposits (Mullens & Freeman,
1957; Peterson, 1986; Turner & Peterson, 2004; Demko et al., 2004), it is hypothe-
sised that the heterolithic packages may be fluvial interdune deposits as they appear
to be similar in nature to interdune deposits described by Kocurek (1981) and Cain
& Mountney (2009). As these deposits were only identified at Butler Wash Rd, it was
initially hypothesised that the two different depositional units only potentially inter-
acted at Butler Wash Rd, however, as other authors have also reported interfingering
between the two it is likely that the two locally interacted over a larger area. Further
detailed work on the Bluff Sandstone would prove this hypothesis and give a clearer
image of the extent of interaction between the fluvial and aeolian systems. Due to
the apparent interfingering of the Salt Wash fluvial system with the Bluff Sandstone
erg deposits, this study places the Bluff Sandstone above the J5 Unconformity and
within the Morrison Formation.
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8.2.3 Salt Wash DFS - Recapture system interaction
To date the Recapture Member has not received the same attention that the Salt
Wash and Westwater Canyon Members as the deposits do not host major uranium
deposits, resulting in the system being less well understood (Demko et al., 2004). The
Recapture Member is found at the base of the Morrison Formation in NE Arizona,
NW New Mexico and small areas of SE Utah and SW Colorado (Craig et al., 1955)
(Figure 8.8), and can within some of these areas constitute all of the Morrison deposits
present (Figure 8.1) (Peterson, 1988b). The lower portion of the Recapture Member
is interpreted to contain pockets of aeolian deposits that were migrating in a SE
to ESE direction, and the rest of the member being composed of deposits from a
mud-rich large fluvial complex composed of fluvial channel, overbank and lacustrine
environments (Condon & Peterson, 1986; Peterson, 1988b; Condon, 1998; Turner
& Peterson, 2004). Craig et al. (1955) and Peterson (1988a) report the Recapture
Member to be composed of just fluvial channels and overbanks deposits. If the former
interpretation is taken, the Recapture Member is similar to the Salt Wash fluvial
system as both have similar depositional environments and interact with aeolian
units at the base and thus fluvial components of the Recapture Member are considered
herein to be the Recapture fluvial system, and aeolian components Recapture aeolian
erg deposits.
Within the Four Corners region, where the states of Utah, Colorado, New Mexico
and Arizona meet, the Salt Wash fluvial system is interpreted to interfinger with the
Recapture system (Figure 8.1) (Craig et al., 1955; Mullens & Freeman, 1957, Peter-
son, 1986, Turner & Peterson, 2004). Although similar in depositional environment,
study of palaeocurrent indicators within the Recapture system has revealed that it
has a different source area to the Salt Wash fluvial system, with the source area
believed to have been situated south of Gallup, in west-central New Mexico, further
east along the Mogollon Highlands to that of the Salt Wash source area (Craig et al.,
1955). The Recapture system not only differs in palaeoflow direction but is also re-
ported to have a different sandstone composition with higher amounts of igneous and
metamorphic components being present within Recapture sediments in comparison
to Salt Wash sediments (Craig et al., 1955). It can therefore be seen that laterally
to the Salt Wash fluvial system another fluvial system was present. It is not certain
whether the two different fluvial systems were deposited coevally as absolute dates
are not available for the Recapture fluvial system. However, the fact that the two are
stratigraphically equivalent as both are found at the base of the Morrison Formation,
it seems probable that they were coeval.
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Figure 8.8:
Extent of
Recapture fluvial
system. Contour
intervals in feet.
Modified from
Craig et al. (1955).
8.2.4 Westwater Canyon system
Although deposits of the Westwater Canyon system (known as the Westwater Canyon
Member lithostratigraphically) do not interact with the Salt Wash fluvial system
directly, it is important to note its presence and its relationship to systems that do
interact with the Salt Wash fluvial system in order to gain a better understanding of
the wider Morrison Formation.
Deposits belonging to the Westwater Canyon system are reported to have a simi-
lar aerial extent to that of deposits belonging to the Recapture system as deposits are
also found in NE Arizona, NW New Mexico, SE Utah and SW Colorado (Craig et al.,
1955). Stratigraphically the Westwater Canyon Member comprises the upper portion
of the Morrison Formation and laterally interfingers with the Brushy Basin Member
(Figure 8.1) (Craig et al., 1955; Demko et al., 2005). The Westwater Canyon sys-
tem is interpreted to represent deposits from fluvial channel, overbank and lacustrine
environments (Craig et al., 1955; Turner-Peterson, 1986; Miall & Turner-Peterson,
1989; Cowan, 1986; Godin, 1991; Turner & Peterson, 2004). Original interpreta-
tions by Craig et al. (1955) describe the deposits to collectively form a fluvial fan, a
view that is mirrored by Galloway (1980) who claims the Westwater Canyon Member
had a broadly NE-E-SSE palaeocurrent direction. Craig et al. (1955) interpret the
source area to be the same as the Recapture system, situated somewhere south of
Gallup, New Mexico. However, Turner-Peterson (1986) disagrees with these inter-
pretations based on a higher number of palaeocurrent readings taken from outcrop
belts. Turner-Peterson (1986) shows the Westwater Canyon system to have a broadly
NE palaeocurrent direction within the lower portion, E-SE within the middle por-
tion and SE within the upper portion and claims the source area was much further
west than that claimed by Craig et al. (1955). Based on experiences with divisions
within the Salt Wash fluvial system, caution is aired on the reliability of splitting
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Figure 8.9: A- Map showing palaeocurrent directions for the Westwater Canyon
Member, modified from Turner-Peterson (1986). B- Map showing thickness of
Westwater Canyon Member. Modified from Turner-Peterson (1986), original source
Galloway (1980).
the system into separate stratigraphic intervals. It is speculated that the source area
was situated somewhere to the east of the Salt Wash source area, but from the same
highlands. Based on palaeocurrent directions and lithofacies maps provided within
Turner-Peterson (1986) (Figure 8.9), it is possible that the Westwater Canyon sys-
tem is another DFS, but with flow radiating outwards to the south-east and east
(Figure 8.9). To date there still appears to be controversy over the fluvial system,
suggesting that more work is needed to better understand where the source area for
the Westwater Canyon system is.
8.2.5 Vernal system - Stump Formation - Salt Wash DFS
interaction
As was documented in Chapter 6, deposits at Vernal are not considered to be part
of the Salt Wash DFS, and are instead from a different fluvial system, named within
this thesis as the Vernal system. These deposits are interpreted to be sourced directly
east of Vernal from the Sevier Highlands, somewhere within western Utah to eastern
Nevada. It is not known how the Vernal system and Salt Wash DFS interact as
there are no outcrops in-between Colorado National Monument and Vernal, but it
is speculated, based on imagery of modern basins in which many DFS are found,
that the two would interfinger if deposited coevally, with the Salt Wash DFS being
composed of distal mud-rich facies and the Vernal system of medial facies (based on
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characteristics observed at Vernal).
Below the Vernal system, shallow marine deposits belonging to the Redwater
Member of the Stump Formation are observed (Figure 8.1). These deposits represent
a shallowing upwards sequence from a marine shelf setting to a shoreface setting
during the Oxfordian (Currie, 1998; Wilcox, 2007, Chapter 3). The difference between
the the Vernal system and Redwater Member is striking within the field, however the
the contact between the two was inferred based on a sharp change in colour due to
exposure quality (Figure 8.10). An unconformity is believed to be present between
the two members as an abrupt rather than transitional change in facies is reported
to occur at better exposed sites (Pipiringos & Imlay, 1979; Wilcox, 2007).
8.2.6 Wider Morrison Formation and related units
Further east of the area of study the Morrison Formation is largely undifferentiated
(Craig et al., 1955) and is sometimes referred to as being the Ralston Creek Formation
in east-central Colorado, which was recently considered to be part of the Morrison
depositional package as it lies above the J5 Unconformity (Figure 8.1) (Turner &
Peterson, 2004). The Ralston Creek and Morrison Formations east of the study area
are predominately composed of deposits from aggrading floodplains related to minor
fluvial channel environments (Craig et al., 1955, Brady, 1969).
Towards northern Utah, outside the area of study, and further north, the base
of the Morrison Formation is no longer characterised by terrestrial environments but
by marginal marine stratigraphic units that get progressively younger further north,
which demonstrates a northward retreat of marine facies (Turner & Peterson, 2004).
The Windy Hill Member is found at the base of the Morrison Formation in north-
ern Utah, northern Colorado, Wyoming and South Dakota (Figure 8.1) (Turner &
Peterson, 2004) and represents deposition within shallow marine and foreshore en-
vironments (Currie, 1998). In Wyoming the marginal marine Windy Hill Member
is overlain by terrestrial deposits of the Morrison Formation. Morrison Formation
deposits in central southern Wyoming are interpreted to be basal deposits of a mixed
coastal dune-foreshore-fluvial environment, overlain by mixed fluvial channel, flood-
plain and lacustrine deposits that flowed from the orogenic belt in the west to east
(Morberly, 1960; Decelles & Burden, 1991).
Although in South Dakota the Windy Hill Member is reported to be present by
Turner & Peterson (2004), a study by Szigeti & Fox (1981) in western South Dakota
revealed the terrestrial Unkpapa Sandstone Member comprises the base of the Mor-
rison Formation and is accompanied and followed by minor fluvial and lacustrine
environments towards the latter stages of Morrison Formation deposition. The Un-
kpapa Sandstone Member is an aeolian unit that contains silty interdune deposits,
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Figure 8.10: Images showing the relationship between the Redwater Member and
Morrison Vernal system. Blue line depicts boundary between the two units.
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with measured cross-bedding dip directions indicating a wind direction heading in a
northerly and easterly direction (Szigeti & Fox, 1981). The Unkpapa sandstone can
be considered to be, like the Bluff Sandstone Member, an aeolian erg depositional
system. During the latter stages of deposition the aeolian dunes became wetter and
more stable and floodplain deposits began to dominate, with minor fluvial channels
encased within floodplain deposits eventually dominating the stratigraphy (Szigeti &
Fox, 1981). Fluvial channels to the west are postulated to be flowing west and north-
east (Szigeti & Fox, 1981 and references within). It is speculated that the Morrison
Formation deposits within western South Dakota are distal fluvial deposits to the
larger fluvial channels found in Wyoming as the deposits studied by Szigeti & Fox
(1981) share many charactersitcs with distal deposits found within the Salt Wash
fluvial system. However, Turner & Peterson (2004) show streams to be flowing from
west to east in the eastern portion of the Morrison Basin (Figures 8.13 and 8.14,
based on Peterson (1957)). However, it is unclear how such conclusions are made as
such interpretations are not made by Peterson (1957), who only claims the deposits
within the area are fluvial and thicken to the west, with no indication of palaeocurrent
directions.
In Montana the upper part of the Swift Formation is considered to be homo-
taxially equivalent to the base of the Morrison Formation in the Colorado Plateau
area and the Windy Hill Member further north (Figure 8.1) (Turner & Peterson,
2004) and represent deposition from a shoreface environment (Fuentes et al., 2011).
In northwestern Montana the Morrison Formation overlies the Swift Formation with
deposits from a tide dominated marginal marine/estuarine environment characterise
the lower portion of Morrison deposits (Fuentes et al., 2011). The rest of the Morri-
son Formation across northern Montana is regarded to have been deposited within a
more terrestrial environment with low energy fluvial, minor lacustrine environments
and sporadic palaeosols characterising the Morrison Formation (Fuentes et al., 2011
and references within). The fluvial portion of the Morrison Formation was observed
within the field at the Bighorn Recreation area fee station, WY, (location in Fig-
ure 8.11). The deposits here were noted to have a more obvious presence of mafic
clasts compared to sediments of the Salt Wash fluvial system and were poorly to
moderately sorted with coarser grains often lining the cross-bedding (Figure 8.11).
Measurements from cross-bedding strata indicate a palaeoflow was from west to east.
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The Morrison Formation is no longer present towards southern Canada, and is
replaced by the marine Upper Fernie shale and sandstone in southern Alberta, Alberta
Deep Basin and northeastern British Columbia, followed by the similarly marine
Morrisey and Mist Mountain Formations in southern Alberta and by the Monteith
Formation in the Alberta Deep Basin and northeastern British Columbia (Figure 8.1)
(Stott, 1998, Kukulski et al., 2013). The upper portion of the Monteith Formation,
which is very earliest Cretaceous in age, has been interpreted by Kukulski et al.
(2013) to be deposits of a DFS that was sourced from highlands to the west, which
overlies coastal-plain strata of the portion of the Monteith Formation.
To the east of the basin the Morrison Formation is less well understood due to
the lack of surface exposures and descriptions mainly being reliant upon borehole
descriptions. Morrison deposits generally increase in thickness from east to west,
with the full distribution within Kansas being shown in Figure 8.12. The deposits
are predominately composed of green/grey shale and are also composed of sandstone,
limestone, chert and anhydrite lithologies (Kansas Geological Survey, 2006). Sand-
stone is however found to form a considerable part of the section at Phillips County
(Figure 8.12) (Kansas Geological Survey, 2006). Deposits are loosely interpreted to
be non-marine based on the absence of marine indicators and are thought to rep-
resent fluvial, lacustrine and floodplain environments with flow heading from SE to
NW (Kansas Geological Survey, 2006). In Nebraska the deposits are also reported to
be sandier in the east than in the west, similar to what was found in Kansas (Kansas
Geological Survey, 2006).
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Figure 8.12: Map showing the distribution of Morrison Formation deposits within
Kansas. Modified from Kansas Geological Survey (2006).
8.2.7 Synthesis
A summary diagram of the palaeogeography of the Morrison Basin can be seen in
Figure 8.13 and 8.14. In summary, three large fluvial complexes are present within the
Colorado Plateau area, namely the Salt Wash fluvial system (lithostratigraphically
composed of the Salt Wash and Tidwell Members), the Westwater Canyon fluvial
system (lithostratigraphically known as the Westwater Canyon Member), and the
Recapture fluvial system (lithostratigraphically known as the Recapture Member).
The palaeogeography of the Brushy Basin system is less well understood but it is
believed to represent deposits of a fluvial system and a large alkaline saline lake, with
the Fifty Mile Member and Jackpile Sandstone hypothesised within this thesis to be
the proximal facies of the fluvial portion of Brushy Basin. Aeolian units (Junction
Creek Sandstone in southeastern Utah, the Bluff Sandstone in southwestern Colorado,
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aeolian units within the Recapture Member within the Four Corners Region and the
Unkpapa Sandstone in western South Dakota) were present prior and during the
initial stages of fluvial deposition, indicating areas of the Morrison Basin were arid.
Stratigraphic relations show the fluvial deposits interacting with the aeolian units,
just as is seen in the Tarim Basin, China (Figure 8.15), which then later dominated
the depositional environment as the fluvial systems prograded into the basin, as is
indicated by the detail study of the Salt Wash fluvial system within this thesis.
From the centre of the Morrison Basin and further north to southern Canada,
marine deposits of the Windy Hill Member, Swift Formation, basal Montmeith For-
mation and Upper Fernie shale and Sandstone, replace fluvial deposits at the base
of the Formation. These deposits represent the northward regression of the Western
Interior Seaway and are succeeded by terrestrial fluvial deposits along the western
margin that are sourced from the the orogenic belt to the west during the latter
parts of the Late Jurassic. The multiple fluvial systems are evident by the pres-
ence of the Vernal system in northern Utah (previously mapped as the northern
extent of the Salt Wash fluvial system by Craig et al. (1955) and Mullens & Freeman
(1957)), and from thickness distribution maps (discussed in Chapter 6; Figure 8.16)
and documentation of fluvial deposits in Wyoming (Morberly, 1960; Decelles & Bur-
den, 1991), and the Montmeith A DFS by Kukulski et al. (2013), and observed north
of the Montana/Wyoming border. The eastern portion of the Morrison Basin is less
well-understood in comparison to the western portion due to the lack of exposures
in states such as Kansas and Nebraska. As presented above, Morrison Formation
deposits within Kansas, and tentatively in Nebraska, are interpreted to be terrestrial
lacustrine, fluvial channel and floodplain deposits. However, it is worth noting that
the mudstones are the dominant lithology and thus the fluvial systems are not con-
sidered to be a dominant feature of the palaeolandscape. The sandiest portion of the
Morrison Formation within Kansas and Nebrasksa is reported to be on the eastern
margin, although it is worth noting that it was only reported to be predominately
sandstone in Phillips County (Figure 8.12).
8.3 Discussion
The palaeogeography described above and presented within Figure 8.13 and 8.14,
shows a distribution of facies that is similar to many modern continental sedimentary
basin fills. Within the continental basins defined by Weissmann et al. (2010), DFS
were found to dominate the continental fill, comprising 95% of the aerial extent of
three quantified basins (Weissmann et al., 2013b). The Salt Wash, Westwater Canyon
and Recapture are all interpreted to be DFS (Craig et al. (1955)). The Vernal fluvial
system, although only studied at one location, has a radial and downstream thinning
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Figure 8.13: Summary cartoon of the lower Morrison Formation. As the seaway
retreats north-west, fluvial systems such as the Salt Wash DFS prograde into the
basin. Field evidence does not suggest any interaction between the Salt Wash
fluvial system and the Western Interior Seaway. Base image modified from Turner
& Peterson (2004). Green depicts alluvial facies which are predominately muddy
facies with minor fluvial and lacustrine environments which are interpreted to be
wetlands by Turner & Peterson (2004). Eastern margin of the basin poorly
constrained. Fluvial systems to the north-east are conceptual and based on Turner
& Peterson (2004).
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Figure 8.14: From the lower to upper Morrison the Western Interior Seaway has
retreated as far north as southern Canada. The basin then becomes dominated by
terrestrial facies and fluvial systems become more established on the western
margin. The Brushy Basin now dominates where the Salt Wash DFS once was.
Westwater Canyon fluvial system has the same depositional area as the lower
Morrison Recapture fluvial system. The presence of an axial system is purely
conceptual and based on observations from modern foreland basins (see text).
Absence of aeolian facies indicates the basin is cooler/wetter than the Lower
Morrison. Monteith A DFS only put in to indicate its position as this was deposited
during the very latest Jurassic to Cretaceous times. Modified from Turner &
Peterson (2004).
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Figure 8.15: Image of Tarim Basin where DFS can be seen to interact with
aeolian dune systems. Note the system is much smaller than that of the Salt Wash
DFS, Image taken from Fluvial Systems Research Group website. Image also in
Hartley et al. (2010).
thickness pattern that is characteristic of DFS, as seen in Figure 8.16, and it is thus
speculated that the Vernal system is also a DFS. Based on the prevalence of DFS
within the Morrison Basin, and lack of documentation of large scale valley fills (i.e.
tributary rivers), it is deemed likely that the fluvial systems located within Wyoming
through to southern Canada could also be DFS. The Morrison Basin, with further
system scale analysis of the systems within Wyoming and Montana, supports claims
presented by Weissmann et al. (2010) that DFS account for a substantial proportion
of continental deposits.
With regards to the tectonic setting of the basin, flexural loading as opposed to
lithospheric stretching, generated the accommodation for the Morrison Basin, as is
indicated by the general consensus within the literature (as described in Chapter 1).
Asymmetric fills are regarded to be typical of foreland basin systems (Allen & Allen,
1990), which Decelles (2004), claims is not true for the Morrison Formation. The
Salt Wash fluvial system, as was presented in Chapter 6, is thickest in the SW and
thins to the north, north-east and east, providing evidence that an asymmetrical fill
is present within this portion of the basin. From isopach maps (Figures 8.8 and 8.9),
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Figure 8.16: Morrison
thickness contour map,
modified from Decelles
(2004). Numbers depict
the presence of separate
possible fluvial systems,
1=
Westwater/Recapture
system, 2= Salt Wash
DFS, 3= Vernal system,
4= northern Wyoming
system 5= Montana
system.
it can be inferred that the Recapture and Westwater Canyon fluvial systems are also
thickest closer to the mountain range thinning northwards, and thus also possess an
asymmetric fill. The Brushy Basin system (Figure 8.17), however does not display
an asymmetric thickness pattern as it initially thickens from the mountain belts to-
wards the centre of the basin around the border of central Utah and Colorado, then
thins further basinwards. The western margin of the Morrison Basin (Decelles, 2004)
(Figure 8.16) shows a similar thickness pattern with an initial thin strip being posi-
tioned close to the mountain front, with deposits first thickening and then gradually
thinning towards the centre of the basin. In this respect, as noted by Decelles (2004),
the Morrison Formation on the western margin of the basin does not display a true
asymmetric thickness pattern. However, it is worth noting that the initial thickening
of the deposits from west to east is abrupt, as is indicated by the closeness of the
contour lines in Decelles (2004) (Figure 8.16), and it is therefore contested whether
such a minor perturbation should discount against the overall asymmetric pattern,
and therefore the presence of a foreland basin geometry. The initial thinning from
west to east from the mountain front basinwards, illustrated in Decelles (2004), is
considered to simply be a function of basin topography as is illustrated in Figure
8.18.
Authors such as Heller et al. (1986) argue thrusting, and therefore the develop-
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Figure 8.17: Thickness contour map of the Brushy Basin system. Modified from
Craig et al. (1955).
Figure 8.18: Cartoon cross-section demonstrating how the contour lines produced
by Decelles (2004) can be produced in a foreland basin.
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ment of the foreland basin, did not occur until Early Cretaceous times. The evidence,
however presented within this thesis, offers a different view point. It is argued that
the mere volumetric presence of the broadly west to east flowing rivers of the Mor-
rison Formation provides the evidence for, at least the initial stages, of foreland
basin development as they provide evidence for the presence of accommodation and
a highland source area, which according to general consensus within the literature,
is the result of flexural loading rather than lithospheric stretching. However, it is
noted that Morrison deposits, particularly lower Morrison deposits (i.e. Salt Wash
deposits) appear to have been deposited within a low accommodation setting and
as a result of this, arguments within the literature for deposition to have occurred
within the backbulge area of a foreland basin are present (Currie, 1997).
This argument requires the presence of a foredeep, which was later cannabilised
during Cretaceous thrusting which Royse (1993) claims to be plausible within a bal-
anced cross-section. However, no hard evidence for a phantom foredeep has been
presented and it is questioned how likely such a substantial volume of deposits can
vanish without a trace. This argument requires the source for the rivers to be much
further west than currently postulated, with them becoming distributive once over
the forebulge. However, this is not considered to be the case for the Salt Wash DFS as
the position of the apex (statistically calculated in Chapter 5) conforms with current
ideas on the predicted location of the Cordilleran thrust belt and Mogollon Highlands
(Chapter 5).
Evidence for the forebulge is not seen within Salt Wash deposits, with the only
clear thickness divide being wrongly orientated, i.e perpendicular to the thrust front,
to be a forebulge (NE-SW trending divide described in Chapter 6). The significance
and to some extent presence of the forebulge is questioned, particularly during Salt
Wash deposition based on the evidence presented. It is speculated whether the fore-
bulge is a prominent feature during Lower Morrison (Salt Wash DFS deposition) times
as they are not always prominent features, such as is documented by Fosdick et al.
(2011) who document a suppressed forebulge within Cenemanian-Turonian basin fill
in southern South America, rather than a prominent feature such as that within
the present Andean foreland basin (DeCelles et al., 2011). Current paloeogeographic
maps suggest the main source area for sediment during the lower Morrison is to the
south of the basin from the Mogollon Highlands (Figure 8.13). This suggests that
the thrust system at this point was in its infancy, with the load only being sufficient
enough to create the initial low accommodation observed during Salt Wash deposi-
tion. In this respect initial thrusting and loading caused the accommodation, but was
insufficient during Salt Wash deposition to produce a forebulge. The development
of larger fluvial systems on the eastern margin within the upper Morrison suggest
the thrust system is more fully developed and therefore providing the source area
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Figure 8.19: Contour map of the Lower Cretaceous Cedar Mountain Formation.
Contour intervals in metres. Modified from DeCelles & Giles (1996).
and extra subsidence and accommodation, as is evident from Brushy Basin deposits.
Further investigation of the rivers situated in the eastern margin of the central to
northern portion of the Morrison Basin is needed to establish whether the forebulge
is present there. It is at this stage, with a more sufficient load, that the forebulge is
expected to become a more prominent feature, becoming fully developed within the
Cretaceous, as is evident within a thickness distribution map created by ? (Figure
8.19).
This thesis therefore provides an alternative view point, that Salt Wash deposits
are deposits that represent the initial formation of the foreland basin. It is speculated
whether the low accommodation nature of the Salt Wash deposits, which has in the
past been considered as evidence for deposition within a backbulge setting, is just a
function of a relatively high sediment supply during the early stages of foreland basin
formation where accommodation has not yet been fully developed with accommo-
dation increasing and the basin becoming more fully developed from the Tithonian
(as indicated by thick apparently increased accommodation deposits of the Brushy
Basin Member) through to Early Cretaceous times, when there is little dispute for
the presence of a foreland basin. A summary of this scenario can be found within
Figure 8.20.
Similarities, and differences, between modern foreland basins and the Morrison
Basin are evident. The Andean foreland basin, like the Morrison Basin, is charac-
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Figure 8.20: Cartoon illustrating the hypothesised formation of the foreland basin
system from early Morrison through to Early Cretaceous.
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terised by the presence of an orogenic belt on the western margin of the basin, with a
number of DFS emanating from the mountain front, which subsequently fill the depo-
sitional basin (Figure 8.21B and C). DFS are commonly observed to coalesce within a
basin, such as the Pilcamayo and Bermejo DFS do in the Andean foreland basin (Fig-
ure 8.21B and C) and as the Kosi and Tista DFS do in the Himalayan Foreland Basin
(Figure 8.21A) (Weissmann et al., 2011). Coalescing of DFS is also reported to occur
within the southern portion of the Morrison Basin on the Colorado Plateau as the
various fluvial systems are inferred to interfinger with each other (Craig et al., 1955;
Hilpert, 1969). Another similarity with the Andean foreland basin is the apparent
decrease in DFS size further north (Figure 8.21), which is attributed by Weissmann
et al. (2011) to be the result of the foreland basin being narrower towards the north.
The character of the interfan areas of the Morrison Basin is not known, as they are
outside the area of study, and therefore can not be compared to modern interfan
areas. Many modern foreland basin systems possess axial fluvial systems, such as
the Tanana River in the Alaskan foreland Basin, the Paraguay River in the Andean
foreland basin and the Brahmaputra River within the Himalayan foreland Basin. Un-
like these examples, an axial fluvial system has to date not been observed within the
Morrison depositional basin, however based on observations within modern foreland
basins it is likely for an axial river to be present within the Morrison Formation. How-
ever, due to the poor exposure in the east of the basin it is not certain that an axial
fluvial system is absent without further work to better constrain the fluvial deposits
reported to be present to the east (Peterson, 1957, Kansas Geological Survey, 2006).
Based on facies distributions of modern foreland basin systems it is hypothesised that
the sandier deposits on the very eastern margin in Kansas and Nebraska could either
potentially be more smaller DFS emanating from a high located to the east with flow
heading northwest, or the sandier portion could represent an axial fluvial system.
Weissmann et al. (2013b) present the preliminary results of a study that quanti-
fies the distribution of different facies within modern basins. However, as noted by
Fielding et al. (2012) it is important to consider the volume that each depositional
element will comprise the basin fill, as satellite imagery only provides a snapshot
of the elements within a basin. The Late Jurassic Morrison Basin is considered to
be, with a systems rather than stratigraphic approach, a good potential continental
basin candidate in which the volume of different facies elements can be calculated,
and therefore increase our understanding of what gets preserved within sedimentary
basins and thus gaining an idea of how sedimentary basins fill their accommodation.
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s
Figure 8.21: A- False colour image of the Himalayan Foreland Basin. B- False
colour image of of the Andean foreland basin. C- DEM image of the Andean
foreland basin. Images taken from Fluvial Systems Research Group website. Images
also in Hartley et al. (2010); Weissmann et al. (2010) and Weissmann et al. (2011).
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8.4 Conclusion
In conclusion the Morrison Formation shows a change from marine to terrestrial
deposits through time with a northward regression of the Western Interior (Sundance)
Seaway. The Morrison Basin appears to support claims by Weissmann et al. (2010)
that DFS represent a substantial portion of the continental basin fill. With the
evidence presented here it appears the Morrison Formation was deposited within
the early stages of foreland basin development, with the presence of a forebulge
being limited. Scope for further work within this basin is clear to firstly refine the
palaeogeography, and secondly volumetrically calculate the different facies elements
within the basin. It is evident from the review of the Morrison Formation that a
systems rather than a stratigraphic approach would prove beneficial to increase the
understanding of the basin, as to date, a lithostratigraphic approach has caused
different fluvial systems to be encompassed within a single stratigraphic units, i.e.
Vernal and Salt Wash fluvial systems under the Salt Wash Member, and the Brushy
Basin and Fiftymile Member to be split.
Chapter 9
The three dimensional model, its
implication and synthesis
9.1 Presentation of 3D Salt Wash DFS - A quan-
tified DFS model
As discussed in Chapter 6, criteria that show the strongest downstream trends within
the Salt Wash DFS are; the percentage of LACF and floodplain facies associations
present within a logged section, the sand:mud ratio and the channel stacking pattern
and density (i.e. the architecture) of the deposits. These criteria were chosen to con-
strain where the proximal, medial and distal domains lie within the Salt Wash DFS,
in line with descriptions within Nichols & Fisher (2007) and Trendell et al. (2013).
In addition to the qualitative trends indicated by these authors the model presented
within this thesis has attempted to quantify the parameters used to distinguish be-
tween the domains, as can be seen in Figure 9.1 and Table 9.1.
Sections within the proximal domain are considered to be composed of>70% sand,
>53% LACF deposits and have an architecture that is composed of highly amalga-
mated channel belt complexes with discontinuous fines making a small proportion of
the deposits (Figure 9.1). Sections within the medial domain are considered to be
composed of 20-53% sand, 40-70% LACF deposits and have an architecture that is
characterised by the presence of amalgamated channel complexes that are separated
by laterally extensive floodplain packages (Figure 9.1). Sections within the distal
domain are considered to be composed of <20% sand, <40% LACF deposits and
have an architecture that is dominated by fine material within which discrete ribbon
shaped channels can be observed (Figure 9.1).
Discrepancies at five localities are identified. For example, Butler Wash Rd has a
LACF percentage of 53%, suggesting it should be placed within the proximal domain,
but the percentage of sand present, percentage downstream (i.e. distance from apex
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downstream) and the architecture of the deposits suggests the locality should be
placed within the medial domain. However, this discrepancy is considered to be minor
as it is close to the division given (53%) to differentiate between the two domains.
LACF deposits at Dewey and Chimney Rock Rd only account for 12.9% and 18.6% of
the section, suggesting they should be placed within the distal domain, however the
percentage of sand (40.5% and 41.8%), percentage downstream (i.e. distance from
apex downstream) (67.8% and 62.5%) and architecture of the deposits suggests the
localities should be placed within the medial domain. Salt Valley and Slick Rock both
have architectures, LACF percentages and percentage downstream characteristics
that place the deposits within the medial domain, but have sand percentages that
place them in the distal (Salt Valley) and proximal (Slick Rock) domains. In all
cases the deposits were placed into the domain in which the majority of parameters
indicated, which in all five cases 3 out of the 4 parameters conformed with each other.
Despite the discrepancies mentioned above all four parameters concurrently indi-
cate a particular domain at the other 20 localities, thus showing the parameters to be
good criteria to use when identifying the domain a locality resides in. As discussed in
Chapter 7, fluvial systems by their very nature have inherent inhomogeneities, and
therefore some overlap with regards to the statistics for the parameters is at some
point likely to occur. In this respect it is important to use more than one of the
criteria suggested, as local conditions may affect one of the parameters, as shall be
discussed in Section 9.2.
The average grain size for each sedimentary log also decreased downstream, how-
ever this was not included within the model as it was felt that this is highlighted
by the sand:mud ratio which is more readily obtained, particularly in subsurface ex-
ploration. The maximum clast size of channel deposits can be a useful parameter to
indicate proximity to the apex within a system, as is demonstrated by Nichols (1987a)
on the Luna DFS, and is also an easy parameter to obtain. However, this is not ap-
plicable within the Salt Wash DFS as some of the largest grain sizes were obtained
in the medial portion of the system (i.e. at Chimney Rock Rd). The increased grain
size further downstream has been interpreted to be the result of sediment bypass
(Chapter 6 and 7). It can thus be seen that the maximum grain size is not always a
good indicator for proximity on a DFS.
The overall thickness of the fluvial system did show a strong downstream trend,
decreasing from proximal to distal domains. However, this is considered to be affected
by the A/S regime and local basin topography and is thus not considered to be a good
indicator for a DFS. For this reason it has not been incorporated into a generalised
model.
Other parameters such as the percentage of isolated channel-fill and lacustrine
facies association present did not show strong downstream trends. However, with
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all of these criteria, their importance is not discounted as vital information on the
system was gained, such as insights into the identification of sediment bypass, basin
topography and climate (Chapter 6 and 7).
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9.2 Variability of the model under different con-
ditions
The model presented in Figure 9.1, is based on the statistics obtained from the Salt
Wash DFS. To date, their are few published examples with quantitative information
available and therefore few published systems in which a direct comparison can be
made. Within this section it is speculated how much variation from the model might
exist depending on the A/S regime present, the calibre of sediment present (mud v
sand dominated systems), and climate of the basin.
9.2.1 Accommodation/sediment supply regime
As commented in Chapter 7 after Miall (2000), when the rate of accommodation
creation is lower than the rate of sediment supply a sedimentary system will prograde,
when the two are in balance the system will aggrade and the system will not change,
but when the sediment input rate is lower than that of accommodation creation a
system will retrograde. The deposits of a DFS are expected to respond in line with
these three broad scenarios, and therefore variation from the presented Salt Wash
DFS model is expected.
Within scenario 1, a decreasing A/S regime is present (Figure 9.3). As the sed-
iment input out-paces the rate of accommodation creation the system will become
entrenched, resulting in sediment bypass and the basinwards migration of the inter-
section point (Weissmann et al., 2013a). As a result of this the system lengthens and
facies tracts become situated further basinwards, forming a telescopic fan scenario.
Such examples are documented within the Salt Wash DFS (Chapter 7) and the Upper
Triassic Chinle Formation (Trendell et al., 2013).
In scenario 2 a stable A/S regime is present in which there is a balance between
sediment input and accommodation creation. In this scenario simple aggradation is
expected to occur with facies tracts remaining relatively fixed within a basin, such
as is documented within the Ebro Basin, where the Luna and Huesca systems are
not reported to prograde or retrograde through the studied interval (Hirst, 1983,
Nichols, 1984). In the final scenario, scenario 3 in Figure 9.3, an increasing A/S
regime is present, ultimately causing the system to retrograde and a general fining
up-section to be present. Within each scenario the same climate conditions and
calibre of sediment were presumed for simplicity.
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Figure 9.3: Cartoons illustrating the affects of A/S regime on DFS model. Within
the cartoons the A/S is changing but all other parameters are the same.See text for
discussion.
If a comparison was to be made at point A in Figure 9.3 between the three
different scenarios, a difference in the sand:mud ratio and percentage of channels
present is expected. If scenario 2 is taken as a point of comparison, the sand:mud
ratio and percentage of channels present at point A in scenario 1 is expected to be
larger due to the basinwards shift of relatively proximal facies, bringing with it an
increased sand and channel presence. In scenario 3, point A is expected to have a
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lower sand:mud ratio and a lower percentage of channels present compared to scenario
2 as the proximal facies have shifted towards the basin margin.
As the Huesca DFS was deposited within an endorheic basin, the spill point of
the basin provides a gross accommodation for the basin and thus the basin by nature
has high accommodation (Nichols, 2012), and thus provides a comparative system
to the low accommodation deposits of the Salt Wash DFS. Hirst (1983), quantified
the components of the Huesca DFS, enabling a statistical comparison to be achieved
between the Salt Wash and Huesca DFS within the following section.
Comparison with the Huesca DFS, Spain
The Huesca DFS is situated within the Ebro Basin, NE Spain. The Ebro Basin was
a foreland basin which formed as part of the Pyrenean orogen, as a result of the
collision between the Iberian and Europian plates during the mid-Tertiary (Hirst,
1991). Several DFS formed at the mountain front, the largest of which was the
Huesca DFS, which has a radius that is over 60km in length (Hirst & Nichols, 1986).
The Ebro Basin was an endorheic Basin during the Oligocene to Miocene (Nichols
& Fisher, 2007) and possessed a climate that was more humid than the present day
semi-arid basin (Hamer et al., 2007), where there was largely a balance between the
rate of evaporation and input of water, although the presence of gypsum does indicate
that at times the climate was warmer and drier (Nichols, 1987a).
In order for a comparison to be made between the Huesca DFS and the Salt Wash
DFS, the radius published by Hirst (1983) was converted to percentage downstream.
Distance from an apex is not able to be obtained for the Huesca DFS as it had multiple
entry points across the basin margin (Jupp et al., 1987). The radius was obtained
by drawing a straightline in the orientation of the mean palaeocurrent directions
from the locations to the basin margin to gain the channel length (i.e. the radius )
(Hirst, 1983) (Figure 9.4). The radius was then converted to percentage downstream
based on 70km being the maximum radius, i.e. toe of the system which is the highest
radius recorded by Hirst (1983). The in-channel component described by Hirst (1983)
is considered to be the same as the LACF and isolated channel-fill facies associations
combined. The comparison between the two datasets can be seen in Figure 9.5 and
Table 9.2.
As can be seen in Figure 9.5 and Table 9.2, the percentage of channels present at
35% downstream varies between the two systems, with the Huesca DFS possessing an
in-channel component of 65% and the Salt Wash a combined channel percentage of
50%. However, it is worth noting that at Bullfrog, which is 34% downstream, channel
components comprise 68.75% of the succession (Table 9.1), which is much closer to
the value obtained within the Huesca DFS. This highlights the importance of looking
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Figure 9.4: Diagram depicting how the radius was calculated for the Huesca
system by Hirst (1983). Modified from Hirst (1983).
% downstream In-channel component (% of the total system)
Huesca DFS Salt Wash DFS
35 65 50
45 62 48
60 48 45
70 33 37
80 13 25
Table 9.2: Table showing the comparison of channel deposits present at certain
points down the Huesca and Salt Wash DFS’s.
at the whole dataset to gain a better overview. At 60% and 70% downstream the per-
centage of channels present are similar for the two systems being within <5% of each
other (Table 9.2). Again only a minor difference (8%) is observed 80% downstream
with the Huesca DFS having an in-channel component of 17% and the Salt Wash
DFS a combined channel presence of 25%. The higher percentage of channels further
downstream within the Salt Wash DFS is attributed to the basinwards migration of
relatively more proximal facies, as illustrated in Figure 9.3.
Despite the two systems being substantially different in size (the Salt Wash DFS
∼550km in length, the Huesca DFS ∼70km in length), and the two being deposited
under apparently opposing A/S regimes, the difference between the percentage of
channels present is at a maximum 15%, providing relatively encouraging similarities
between the two systems and supporting evidence for the proposed model. It can only
be speculated on how the two systems compare to one-another <35% downstream as
there is no data for the more proximal parts of the Huesca DFS.
Based on the curve presented in Hirst (1983) and that of the channel percentage
of the Salt Wash fluvial system, it is possible that the Salt Wash DFS possesses a
higher percentage of channels more proximally than the Huesca DFS, as the gradient
of the curve decreases upstream from ∼50% to 36% downstream for the Huesca
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Figure 9.5: A comparison between the channelised components on the Huesca
DFS (modified from Hirst (1983)) and the Salt Wash DFS. Points on the Salt Wash
DFS graph are the same as those on cross-sectional line drawn in Figure 9.1
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DFS, yet the percentage of channels continues to increase in a more linear fashion
for the Salt Wash DFS upstream. A difference in gradient along the curve for the
Huesca DFS possibly suggests there are internal overriding thresholds within the
system that affected the presence of channels, such as changes in topography or
transport capacity, or the curve could be function of the multiple entry point for
the DFS. In this case the scenarios presented within Figure 9.3, could hold true as
intuitively a higher percentage of channel components would be assumed to be present
in the relatively low accommodation Salt Wash setting where channel migration and
floodplain canibalisation is expected to be more prevalent. However, this is purely
based on the initial relatively low gradient of the curve presented by Hirst (1983)
which is limited by the availability of exposures <25km (36% downstream) from the
basin margin. It is unknown what the nature of the curve is <25km downstream and
thus it can only be speculated. If the deposits of the proximal Huesca system did
increase in a linear fashion as the channel deposits do in the Salt Wash system, the
two would have relatively similar channel percentages. Hartley et al. (2010) state the
length of a DFS is strongly controlled by the amount of horizontal space available.
The results from the comparison between the Salt Wash and Huesca DFS’s may
imply that the A/S regime would have little affect on the percentage of channels
present, but rather would change the size of the system but with the facies belts,
and therefore channel presence and sand:mud ratios, being proportionally as well
as absolutely lengthened. The comparison made here is based on views published
within Hirst (1983, 1991), and it is noted that Vincent & Elliott (1996) believe an
apex to be situated further north-east, which may influence the distance downstream
of the locations in Hirst (1983) and therefore Figure 9.5. As data is not available
with regards to how far downstream localities published in Hirst (1983) are to the
apex position in Vincent & Elliott (1996), the affects are not discussed.
9.2.2 Sediment calibre
Substantial differences in the calibre of sediment being supplied to a DFS is thought
to greatly change its characteristics, particularly with regards to the sand:mud ratio
and degree of channel presence at a given point. This can be illustrated by taking two
end-member scenarios; a mud-dominated system such as the Willwood Formation in
Wyoming and the sand-dominated modern Okavango DFS, Botswana. The two end
members are conceptually illustrated in Figure 9.6.
The sand-dominated Okavango DFS
The Okavango DFS is situated in northern Botswana, has an apex to toe length of
150km and has a seasonal climate (Stanistreet & McCarthy, 1993). The Okavango
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Figure 9.6: Hypothetical cartoons illustrating the affects of sediment calibre on
the characteristics of DFS deposits. A range of deposits are expected to occur
in-between the two end member scenarios presented.
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DFS becomes distributive when the river passes into an intracontinental extensional
basin that is bounded by ENE orientated faults within the African Rift System
(Stanistreet & McCarthy, 1993; Hartley et al., 2013). Only 2% of water that enters
the system reaches the toe of the system, demonstrating the prevalence of evapotran-
spiration (96%) and infiltration (2%) processes within the basin (McCarthy et al.,
1992; Stanistreet & McCarthy, 1993). The Okavango is a sand dominated system
with most of the bedload being derived from the Kalahari Desert and only a small
portion being derived from quartz-rich bedrock (Stanistreet & McCarthy, 1993). A
very low clay input is reported, with any fine material found on the DFS being the
result of naturally macerated plant and organic material generated within the many
swamps on the DFS itself (Stanistreet & McCarthy, 1993). No significant changes
are reported to occur to any of the sand parameters downstream (Stanistreet & Mc-
Carthy, 1993).
Deposition of the sand dominated sediment occurs primarily within the channels
of the DFS due to a reduction in flow competency through evapotranspiration, bi-
furcation and infiltration processes (Hartley et al., 2013). McCarthy et al. (1992)
claim aggradation within channels on the Okavango causes a rise in channel wa-
ter level which further increases the rate of water loss as it is lost into surrounding
swamp environments. As the flow competency decreases, vegetation becomes further
established within the channel causing blockages, and further reducing the flow com-
petency (McCarthy et al., 1992). Combined, these factors result in the avulsion of
a channel as it takes a steeper gradient and pre-existing lines of weaknesses, such as
hippopotamus trails (McCarthy et al., 1992). The prevalence of avulsion processes is
evident within satellite imagery (Figure 9.7). Flooding on adjacent interdistributary
areas is primarily achieved through rising groundwater tables (Hartley et al., 2013).
Vegetation is concentrated along the channel margins, leading to the formation of
peat bringing some kind of bank stability to the channels (McCarthy et al., 1992;
Stanistreet & McCarthy, 1993). However, the preservation potential of the peat is
low (Stanistreet & McCarthy, 1993) as repeated avulsions cannabalise the peat de-
posits. Repetition of avulsion processes and lack of fine floodplain material has led
the deposits of the Okavango DFS to be largely composed of sheet sandstones (Hart-
ley et al., 2013). In respect to the Salt Wash DFS model the Okavango DFS will
have a considerably higher mud:sand ratio and channel percentage across the system
(Figure 9.6).
The mud-dominated Willwood Formation
If a system only receives a minor amount of sandy material, the sand:mud ratio will
be much lower than that of the Salt Wash DFS. The Willwood Formation, although
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Figure 9.7: A - Infrared image of the Okavango DFS. Taken from Fluvial systems
Research Group. B - Google Earth image demonstrating avulsion deposits on the
Okavango DFS. Note how sediment lobes build up through time to build a large
sheet sandstone in subsurface (Google Earth, 2013).
Figure 9.8: Field photograph of the Willwood Formation. Note the high
proportion of mud. Deposits from laterally unstable channels are reported to be
rare within the formation (Kraus & Wells, 1999).
not defined as a DFS it is a suspected DFS (Weissmann pers comm), is a thick
succession (700m) of terrestrial fluvial deposits that are relatively fine grained, thus
providing a mud-dominated analogue (Kraus, 1996; Kraus & Davies-Vollum, 2004).
The Willwood Formation was deposited within the Early Eocene during the Laramide
structural development of the endorheic Bighorn Basin, Wyoming, under warm and
frost-free conditions (Kraus & Gwinn, 1997). Lateral sheet sandstones which are the
result of channel migration, and therefore comparable to LACF deposits within this
study, are reported to represent only 20% of the succession (Kraus & Wells, 1999).
Ribbon channels, either sand or mud-filled, and pedogenically modified floodplain
deposits dominate the rest of the succession (Kraus, 1996). An example of rare
laterally amalgamated channel deposits of the mud-dominated Willwood Formation
can be seen in Figure 9.8.
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It is speculated that systems that have a prevalence of mud, and therefore possess
more abundant associated vegetation, such as the Willwood Formation, will have
higher bank stability than that that of a mixed, or sand-dominated, system. The ef-
fects of this will be channels within mud-dominated systems, particularly if vegetation
is present, will become more laterally stable due to increased bank stability. Blakey
& Gubitosa (1984) attribute increased mud within the Monitor Butte and Petrified
Forest Members of the Chinle Formation as potentially increasing bank stability,
and therefore decreasing the effects of lateral migration. This may be further con-
tributing to the lack of laterally unstable channels within the Willwood Formation as
palaeosols and rootlets are prevalent as well as there being an apparent abundance of
ribbon shaped channels within the system (Kraus, 1996, Fig 4). With regards to the
Salt Wash DFS model, the Willwood Formation has a considerably lower sand:mud
ratio and LACF presence, which is demonstrated by only 20% of the system being
composed of such deposits (Figure 9.6).
Summary
The Okavango DFS and Willwood Formation provide extreme examples of how sed-
iment calibre can influence the nature of a DFS deposit. The Salt Wash DFS is
considered to be a mixed system, and thus the two end member examples highlight
how far the proposed Salt Wash DFS model can deviate under different controls (Fig-
ure 9.6). It is speculated that the sediment calibre will influence the rivers themselves,
particularly with regards to bank and lateral channel stability. However, it can be
simply viewed as a function of if a system is starved of sand, or muddy, material this
will alter the sand:mud ratios.
9.2.3 Climate
The influence of contrasting climates on the deposits of a DFS is less well conceptu-
alised. As discussed by Hartley et al. (2010), large DFS form in all climatic settings,
and thus the presence of a DFS is not climatically controlled. Hartley et al. (2010) also
show that with the exception of tropical climates, braided channel planforms domi-
nate all climatic settings, with single sinuous planform being the dominant planform
within tropical climates. DFS length was also plotted against climate by Hartley
et al. (2010). Through this work the authors found that DFS with lengths greater
than 100km were only found within tropical, sub-tropical and dryland climates. DFS
present within polar, continental, drylands and subtropical climates are dominated
by short DFS lengths (<70km).
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DFS length V climate
To compare the findings of Hartley et al. (2010) to the rock record, the lengths of
five ancient DFS were plotted against mean annual precipitation (MAP) and mean
annual temperature (MAT). Only five ancient examples were able to be plotted as
few studies provide a DFS length. It was not deemed possible to place many of the
systems into the simplified Koo¨ppen-Geiger classification scheme presented in Hartley
et al. (2010) due to difficulties in differentiating between the criteria for each climate
regime for rock record DFS. It was thus decided to plot length separately against
MAP and MAT, as such information can be obtained through various proxies such as
palaeosols. When values were not available for MAT and MAP, the DFS was plotted
relatively onto the graph (dashed lines in Figure 9.9). Modern DFS cited within this
thesis have also been included in Figure 9.9 for comparison purposes.
As can be seen in Figure 9.9A, only a crude trend exists when comparing ancient
DFS length and MAP. The shortest ancient DFS generally have the lowest MAP,
with the exception to the Organ Rock Formation DFS which is estimated to have
a lower MAP than the Huesca and Luna DFS, but has a longer DFS length. It is
however recognised that absolute MAP values are not available for the Organ Rock
Formation DFS. The highest MAP values are not observed on the longest DFS as the
Willwood DFS has the highest estimated MAP rate, but the Salt Wash DFS has a
considerably longer DFS length, but does however possess a large range in estimated
MAP. Due to the large range in MAP values involved, it is with little confidence that
a trend is identified when comparing MAP and DFS length.
With regards to Figure 9.9B, ancient DFS’s with the shortest lengths generally
have the lowest MAT values (e.g. Huesca and Luna DFS). This trend however, cannot
be confidently extrapolated forward due to the large range in predicted MAT for
the Willwood, Organ Rock Formation and Salt Wash DFS’s, and thus a correlation
between the two variables cannot be established. The same observations are true of
the modern DFS examples plotted in Figure 9.9B, where the shortest DFS, the Tarim
DFS, also has the lowest MAT value, but high MAT values (25- 30 ◦C) are present
on DFS that possess lengths of 150-700km, thus again showing a weak correlation.
MAP and MAT values used in Figure 9.9 are measurements for the basin, rather
than for the source area. The climate of the source area is an important control
on DFS character, the importance of which can be highlighted by the Okavango
DFS. The Okavango depositional system receives an annual rainfall of only 400-
500mm (Hartley et al., 2013), and with such high temperatures (30 ◦C)(Mendelsohn
& Obeid, 2004), it is difficult to envisage how the wetland environments present on
the Okavango DFS are sustained. The source area of the Okavango DFS receives
three times the amount of rainfall the Okavango depositional area receives (Hartley
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Figure 9.9: A- A graph comparing mean annual precipitation against DFS length.
B - A graph comparing estimated mean annual temperature and DFS length.
Ranges of either estimated or absolute MAP and MAT values are indicated.When
absolute estimates are not available range bars are dashed. Data sourced from
Hasiotis (2004);Turner & Peterson (2004); Moore et al. (1992) and Valdes &
Sellwood (1992) for the Salt Wash DFS, Hamer et al. (2007) for the Huesca and
Luna DFS, Cain & Mountney (2009) and Cain & Mountney (2011) for the Organ
Rock Formation DFS, the (Australian Government Bureau of Meteorology, 2014)
for the Gilbert DFS, Assine (2005) for the Taquari DFS, Mendelsohn & Obeid
(2004) andHartley et al. (2013) for the Okavango DFS, Wing & Currano (2013) for
the Willwood DFS, Zu et al. (2008) and Sun et al. (2009) for the Tarim DFS and
Lentz (2000) and Hartley et al. (2013) for the Pilcomayo DFS.
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et al., 2013), and thus allows the discharge of the system to be maintained a good
proportion down the system until evpotranspiration and infiltration processes prevail.
Changes in the source area climate, either through an increase or decrease in MAP
or MAT, therefore would change the characteristics of the Okavango DFS even if
climate conditions within the basin are kept constant. This highlights how important
upstream controls can be for DFS and it is therefore questioned if plotting basin
climate is too simplistic. However, identifying source area climate for ancient DFS is
not possible and thus it is only possible to plot DFS length against climate proxies,
such as MAT and MAP, of the basin for ancient systems.
Another key factor that has to be considered is that climate can vary substantially
across a DFS, particularly on large DFS. For example the Pilcomayo DFS experiences
a variable annual precipitation from 500 to >1200mm from west to east and as a result
the climate is relatively more arid in the proximal portions of the DFS (Hartley et al.,
2013). Similarly the Taquari DFS also experiences a variable precipitation rate across
its surfaces with annual precipitation ranging from 1600mm in the eastern part of
its catchment to <1000mm west of the toe of the DFS. Caution is thus aired when
trying to find correlations between DFS length and climate as it is not unlikely that
large DFS may experience a variable climate across its surface.
Lastly, it is important to note that the trends described have only been obtained
from plotting five ancient DFS examples, thus limiting the credibility of any trends
possibly present. It is hoped that with the availability of the apex estimation method-
ology that more DFS lengths can be obtained, allowing more examples to be added
to Figure 9.9.
Influence of climate on geomorphic elements present on a DFS
It is speculated whether, through the affect of climate on vegetation prevalence and
type, that within tropical settings the floodplain would be more cohesive, and thus a
more fixed river planform would be expected relative to that of an arid system (con-
ceptualised in Figure 9.10). However, the effects of climate on channel behaviour is
believed to be minimal as no particular planform is ubiquitous to one climate regime,
as shown in Hartley et al. (2010). The most notable influence climate may have
on DFS deposits is how it will affect the presence, and extent, of different geomor-
phic elements and it is speculated that this will most notably affect the sand:mud
ratio as some elements are distinctively more sand rich than others. This can be
illustrated by comparing different DFS that are being deposited, or were deposited,
under contrasting climate regimes (Figure 9.10).
Arid climate
The Tarim Basin, China, is within the rain shadow of the Tibetan Plateau and as
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a result has a mean annual precipitation of <50mm a year, allowing an arid climate
to prevail within the basin (Sun et al., 2009). As was shown in Figure 8.15, the DFS
within this basin commonly interact with and terminate at aeolian dune fields belong
to the Taklimakan Desert, with some dunes being located on the DFS surface itself.
As aeolian dunes are sand rich environments a high sand:mud ratio is expected. For
example in the distal portion of the Organ Rock Formation, the DFS is reported
to interact with aeolian dunes (Cain & Mountney, 2009). If a borehole was drilled
through a section of the DFS that contained aeolian dunes, a higher sand:mud ratio
than that of a subtropical climate DFS, such as the Chinle Formation, in which no
dunes are reported to be present (Trendell et al., 2013), would be expected. The
proportions obtained may be misleading with regards to proximity to an apex as
distal portions would possess relatively higher sand:mud ratios. However, if elements
not directly associated with the fluvial system proper are able to be recognised and
discounted from calculations, no significance difference is envisaged.
Tropical climate
At the opposite end of the spectrum, the Taquari DFS, situated in the Pantanal
Basin of Brazil (Buehler et al., 2011), is currently being deposited under a tropical
subhumid climate, with warm (32 ◦C) and wet conditions persisting during summer
months, and slightly cooler (21 ◦C) and drier conditions prevailing in winter months
(Assine, 2005). As a result of this the Taquari DFS has an elevated watertable
resulting in a high proportion of wetland environments (Figure 9.11). The Taquari
DFS will therefore have a higher presence of saturated elements, such as poorly
drained soils, and peat opposed to other geomorphic elements such as aeolian dunes
or playa lakes. The affects of how this would influence the fluvial system with regards
to channel presence and sand:mud ratios is not known, highlighting the need for a
system scale characterisation of a tropical DFS example.
9.2.4 Summary
It has been speculated that different conditions can affect the characterisitcs of a
DFS and therefore cause variation from the proposed Salt Wash DFS model. Within
this section, three main conditions, A/S regime, sediment calibre and climate were
discussed as to their potential influence on causing variability from the Salt Wash
model. The different conditions were discussed using end-member scenarios, however
it is acknowledged that a whole spectrum of intermediate systems will be present. The
different conditions are also intrinsically linked to one another and thus by changing
one condition another condition may be affected, for example by warming the climate,
and therefore discharge, of a system the calibre of sediment being transported may be
changed if availability allows so, or if a reduction in discharge is encountered, the A/S
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Figure 9.10: Hypothetical cartoons illustrating the affects of climate on the
characteristics of DFS deposits. A range of deposits are expected to occur
in-between the two end member scenarios presented.
Figure 9.11: Satellite images demonstrating the occurrence of wetland
environments on the Taquari DFS, Brazil. Left image taken from Fluvial Systems
Research Group website, image on the right taken from Google Earth (2013).
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regime would increase as less sediment is supplied to the system. For clarification of
their effects, they were considered individually.
A difference in the calibre of sediment being supplied to a DFS is considered to
most substantially change the distribution of sand:mud ratio. It is also postulated to
affect the percentage of channels present as mud-dominated systems are considered to
have more stable banks, and thus less lateral channel migration is expected. Through
comparison of the Huesca and Salt Wash DFS, whether a system was aggrading or
prograding, or small or large, appeared to have only a limited affect on the distribution
of channels within a succession, suggesting the characteristics proportionally change
with regards to the size and expansion of a DFS. Climate is also envisaged to have
a minimal role in affecting the sand:mud ratio and channel presence. It is thus
speculated that the calibre of sediment being supplied to a system will have the most
influence on the statistics of the system.
Further numerical documentation of facies association elements and sand:mud
ratio relative to the position of an apex on a DFS within different A/S regimes,
climates and sediment calibre is needed so that objective comparisons of how much of
an effect the different conditions will have on the proposed model is needed. Although
it is expected that some degree of variation will exist between the Salt Wash DFS
model and other DFS, on all systems a broadly radial pattern of channels emanating
from an apex will be observed, downstream of which channels decrease in size and
presence allowing floodplain deposits to dominate.
9.3 Significance of a system scale three-dimensional
quantified DFS model
Although conceptual DFS models are available (Friend & Moody-Stuart, 1972; Kelly
& Olsen, 1993; Stanistreet & McCarthy, 1993; Hirst, 1991; Nichols & Fisher, 2007;
Cain & Mountney, 2009; Weissmann et al., 2010; Weissmann et al., 2013a) this
study provides the advancement of a predictive three-dimensional DFS model by
supplying quantified parameters across a large proportion of a system at the facies
association scale for a DFS deposited under low accommodation conditions, with a
mixed sediment supply and a climate likened to an African Savanah. More work
is needed to see how the statistics within the Salt Wash DFS vary under different
conditions, as they have largely only been conceptually hypothesised within this
chapter. The model presented has academic implications as it will allow objective
comparisons to be made, and through further study of DFS deposited under different
settings and conditions, a greater understanding of how such conditions affect deposits
may be possible, as well as how much variability might be expected. This system
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scale study has also allowed an increasing understanding of the Salt Wash DFS to be
gained, and through this insights into the palaeogeography of the basin to be further
refined (Chapters 6, 7, 8).
9.3.1 Implication to resource exploration
As was discussed in Chapter 1, modern day aggradational continental basin sedimen-
tation patterns are dominated by DFS, and as a result of this DFS are considered
to form a substantial proportion of the continental subsurface sedimentary fill (Hart-
ley et al., 2010; Weissmann et al., 2010; Weissmann et al., 2011). As was discussed
in Chapter 1, DFS have already been proven to be valuable economic resources for
petroleum, mineral and water resources. It is thus important to better understand
DFS deposits to enable further exploration and better recovery.
As commented by Miall (1997), reservoir characteristics with respect to reservoir
compartmentalisation, sandstone connectivity and facies distribution are largely de-
termined at the time of deposition. It is thus important to understand the processes
occurring and how the deposits are preserved in order to understand subsurface reser-
voirs. The study of modern DFS analogues can provide important information with
regards to the range of processes that operate on the surface of a DFS, as well as give
information on the range and distribution of facies present across a system. However,
modern analogues are limited in that the deposits represent present day conditions,
and provide only limited temporal information. Outcrop DFS do however allow a
temporal insight to be gained, as well as information on preservation potential of
certain aspects of the deposits. A combination of the two is critical in increasing our
understanding, particularly when trying to understand the link between processes
operating and preservation of deposits. This study has tried to incorporate observa-
tions from the modern Gilbert River DFS to help better understand the Salt Wash
DFS and vice versa.
Through the detailed study of the Salt Wash DFS, a three-dimensional quantified
model has been constructed, with focus on the quantification of facies associations
and their associated characterisitcs across the system. Although, as discussed above,
there may be a degree of variation from the Salt Wash DFS model depending on
local conditions, the model presented has encouraging potential in aiding subsurface
exploration of resources as it provides quantified criteria for DFS which will aid
reservoir modelling, characterisation and prediction at the system scale, as discussed
below.
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Characterisation and prediction of unknown parameters
The statistics provided can potentially help characterise unknown parameters within
subsurface systems and thus aid reservoir characterisation. If a sand:mud ratio is
known through borehole data, speculation on the characteristics of other criteria, such
as the architecture or position on the DFS, can be made based on a comparison with
Salt Wash deposits. For instance, if a 50:50 sand:mud ratio was calculated from bore-
hole data, based on the characteristics displayed within the Salt Wash DFS (Table
9.1 and Figure 9.1), it can be speculated that the borehole is located approximately
55-60% downstream, the deposits are medial deposits in which sandstone complexes
are separated by distinctive packages of floodplain fines and therefore compartmen-
talisation of reservoirs is likely, with fluvial channels approximately comprising 35%
of the succession. As has been demonstrated within Chapter 6 the net:gross across
a DFS can vary substantially with high values experienced within proximal deposits
and low within distal domains. It is thus important during the exploration process
to locate the most productive areas. It is hoped that the quantified information pro-
vided within the Salt Wash model can help better constrain the location of a borehole
on a DFS, through the process described, and therefore aid navigation to potential
reservoirs. In this respect the Salt Wash DFS model is potentially a powerful three-
dimensional predictive tool. However it does also have to be considered that fluvial
systems do contain inherent inhomogeneities and thus caution is necessary when only
a limited number of wells are available. The model can also provide a larger scale
context for smaller reservoir scale studies, particularly with regards to providing a
three-dimensional appreciation of facies variability across a DFS.
Reservoir modelling
The quantified documentation of the Salt Wash DFS can also have important impli-
cations to reservoir modelling. Keogh et al. (2007) claim the study of modern and
ancient analogues is vital to ensure a good understanding of the complexity of fluvial
systems, as well as form a basis for the provision of quantitative data for modelling
input. As the statistics within this thesis have been conducted from outcrop, they
therefore provide hard realistic statistical parameters for input into geomodels, thus
addressing the recommendations by Keogh et al. (2007) at the system to architectural
elements scale. The importance of this can be illustrated through a short discussion
of the modelling technique multiple point statistics (MPS).
MPS
MPS uses parameters defined within a training image which is in essence a
database of patterns (Caers & Zhang, 2002). Patterns from certain points within the
training image are then taken and anchored to borehole data, to produce a model
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while honouring the actual data (Caers & Zhang, 2002). Therefore the accuracy of
the training image is crucial as it forms the basis for patterns used within a model.
However, the authors note that training images are sparse, and thus it is often the
case that variograms, i.e. patterns from certain points, are invented rather than pro-
duced from three-dimensional reservoir analogues. Observations gathered from the
Gilbert DFS, satellite imagery and Salt Wash DFS however, provide the framework
to enable such problems to be addressed. The provision of statistical parameters also
allows reservoir analogues to be more readily constructed and ensures geological re-
alism. For example, observations from the Gilbert DFS and other DFS from satellite
imagery help geomodelers gain an idea of how facies look and are distributed at a par-
ticular point in time, but work from the Salt Wash DFS allows insights into how these
elements stack through time to be gained i.e. the architecture of the system (Figure
9.12). This coupled with the incorporation of statistical parameters provided within
this thesis, will aid the building of a geologically accurate three-dimensional training
images. Caers & Zhang (2002) also point out that even when three-dimensional data
is available databases are often considered to be too specific to be of any use. It
is hoped that by generating generalised trends with statistical constraints, such as
was done in Figure 9.1, these difficulties can be overcome. Although the application
to modelling has been briefly discussed in the context of training images, the same
principle of providing statistical parameters to other modelling techniques applies.
As more quantitative studies are conducted the statistics can be further refined and
ranges constrained, further enabling accuracy to geological modelling.
Uranium as a proxy for sandstone connectivity within the Salt Wash DFS
As commented by Larue & Hovadik (2006), one of the fundamental properties that
can affect reservoir recovery is the connectivity of sandstones. Quantitatively analysing
the connectivity of sandstone bodies within the Salt Wash DFS was outside the scope
of this project, with any conclusions drawn being based on general observations. How-
ever, it was speculated whether the uranium-vanadium deposits hosted within Salt
Wash fluvial channel bodies (Stokes, 1954; Peterson, 1977, 1980; Tyler, 1981), could
be used to gain insights into sandstone connectivity.
As can be seen in Figure 9.13, major uranium deposits are found no further east
than the Uravan mining district in central western Colorado. Interestingly when the
distribution of uranium deposits are overlain onto a sand:mud ratio map presented
in Chapter 6, the deposits are not found below the ∼35% sand mark (Figure 9.14A).
The ∼35% sand limit possibly suggests that the sandstones are no longer connected
past this point, with accumulations forming at baﬄe zones, i.e. within meander
bends as documented by Stokes (1954). Interestingly Larue & Hovadik (2006) show
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Figure 9.12: Cartoon illustrating how various studies help produce a training
image.
Figure 9.13: Map showing the distribution of uranium deposits (in green) found
within the Salt Wash Member. Modified from Mullens & Freeman (1957).
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through modeling efforts and the formation of the ‘s-curve’ that sandstone bodies
are connected when the net:gross is >30%, which coincides with the point at which
the distribution of uranium deposits stop. When the distribution of major uranium
deposits is plotted on a map showing LACF percentage (Figure 9.14B), uranium
deposits are generally not present when the percentage of channels present is approx-
imately <20%, again possibly implying that the channel sandstones are no longer
connected.
It is thus speculated, based on the interesting correlations presented, whether
the Salt Wash DFS can be used as an outcrop analogue for three-dimensional sand-
stone connectivity and identifying potential locations for other resource accumulation
within subsurface DFS by using the uranium present as a proxy. It is speculated
whether there is a relationship between three-dimensional sandstone connectivity,
percentage of channels present and sand:mud ratios. This provides interesting fur-
ther scope for work with Salt Wash deposits to test the presented hypothesis, for
which there are ample suitable locations to do so.
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Figure 9.14: A- Map showing the distribution of uranium deposits in relation to
the calculated sand:mud ratio of the Salt Wash DFS. Note major uranium deposits
are found no further east than ∼35% sand percentage mark. B- Map showing the
distribution of uranium deposits in relation to the calculated LACF percentage for
the Salt Wash DFS. Note major uranium deposits are found no further east than
∼20% channel percentage mark. Uranium distribution taken from Mullens &
Freeman (1957)
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9.4 Synthesis and conclusions of the thesis
At the beginning of this thesis the following initial aims were established:
1. Produce a facies model, with quantification of trends observed for the Salt Wash
Member, a candidate rock record DFS.
2. Try and determine how the system evolved and terminated as well as identifying
key drivers and controls.
3. Test the DFS concept using the Salt Wash fluvial system.
These aims have been fulfilled through a facies and architectural analyses across
a large proportion of the Salt Wash DFS. The key findings for the individual aims
are synthesised in the following subsections.
9.4.1 Produce a facies model, with quantification of trends
observed for the Salt Wash Member, a candidate rock
record DFS
• Thirteen facies, and one subfacies, were defined based on field observations
across the system (Chapter 2).
• Ten different facies associations were determined based on the recognition of
the different facies and characteristics displayed (Chapter 3). Observations
from the Gilbert DFS, Australia, were used as analogues for the various facies
associations when applicable.
• Facies associations, opposed to facies, were quantified as analyses using facies
associations was deemed to be the most appropriate scale of analyses when
studying the whole of the system and also allowed a comparison with modern
analogues.
• Within each sedimentary log the presence as a function of percentage of section,
average bed thickness, total thickness and average grain size was calculated for
all of the fluvial facies and subfacies associations defined (i.e. excluding the
marine and aeolian facies associations). The results were then plotted onto
maps as well as graphs and analysed (Chapter 6).
• LACF deposits decreased in proportion downstream, while the floodplain facies
association increased in proportion. The shallow ephemeral lake facies associ-
ation increased in proportion from the centre of the system to the peripheries
and the isolated channel-fill facies association showed no significant downstream
trends.
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• It was not found to be beneficial to subdivide the floodplain facies associations
into sand-dominated or mud-dominated facies as no trends were identified. The
resolution of the floodplain exposure is thought to be responsible for the lack
of trends observed within the subfacies associations.
• The general architecture of the deposits was also recorded and analysed. Prox-
imal deposits are characterised by a high percentage of highly amalgamated
channel belt complexes with only small remnants of floodplain fines present.
Medial deposits still contain channel belt complexes but the complexes are sep-
arated by thicker and more laterally defined floodplain packages. In the distal
domain the deposits are predominately composed of fine material with channel
elements only present in a discrete form (Chapter 6).
• The spatial distribution of all the characterisitcs are interpreted to be largely the
result of a downstream decrease in overall energy of the system. The decrease
in energy is related to a decrease in stream power related to flow expansion
as a river enters as sedimentary basin, channel bifurcation, infiltration and
evapotranspiration.
• The spatial analyses confirmed that rocks assigned to the Salt Wash Member
are indeed deposits from a DFS.
A summary facies model and results were presented in Table 9.1 and Figure 9.1.
9.4.2 Try and determine how the system evolved and termi-
nated as well as identifying key drivers and controls
Vertical analyses of each sedimentary log was also conducted in order to try and
determine how the system evolved and terminated (Chapter 7). These analyses
revealed:
• The Salt Wash DFS prograded out into the basin, over the northward retreating
marginal marine portion of the western Interior Seaway and aeolian Junction
Creek and Bluff Sandstone units (Chapter 7 and 8).
• The system scale analyses revealed that the progradation pattern is not uniform
across the system with an abrupt transition from distal to proximal facies being
identified at the most proximal localities and a more complete pattern being
observed further downstream.
• The abrupt transition is deemed to be the result of a telelscopic fan forming
whereby a river entrenches itself, allowing sediment bypass and the basinwards
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shift in facies tracts to occur, thus resulting in the deposition of proximal de-
posits directly on to distal deposits due to a decrease in the A/S regime.
• An increase in the A/S regime due to accommodation being laterally and verti-
cally available, as well as less sediment being delivered to more basinal localities
resulted in a more transitional and complete progradation pattern to be present
further downstream. This has important implications when analysing a system
as it must be considered where a section is before accepting or discounting the
presence of progradation.
Possible causes of progradation have been discussed with a combination of factors
such as the eastward migration of the thrust system, and therefore apex, and changes
in the A/S regime, largely as a result of sediment supply, being held mainly responsi-
ble. Base level changes are not deemed to have had any influence on the depositional
architecture of the Salt Wash DFS.
Determining how the Salt Wash DFS terminated was not so well resolved. The
interfingering nature of the Brushy Basin and Salt Wash systems possibly suggests
the Brushy Basin is a continuation of the Salt Wash fluvial system. However, this
is only speculative and further analyses of the Brushy Basin system is needed before
any conclusions are made.
9.4.3 Test the DFS concept using the Salt Wash fluvial sys-
tem
Once the Salt Wash fluvial system was established as being a DFS, the different
downstream trends and criteria described by Weissmann et al. (2010) and Weissmann
et al. (2011) were tested.
• Predictable facies distribution patterns are present on the Salt Wash DFS
with the LACF facies association decreasing in proportion and thickness down-
stream, with floodplain facies association increasing in presence downstream,
as predicted by Weissmann et al. (2010) and Weissmann et al. (2011).
• The authors also suggest a downstream decrease in overall grainsize is present;
this was evident within the Salt Wash DFS as the sand:mud ratio decreased
downstream.
• A decrease in average LACF grain size was however not observed due to sed-
iment by-pass, and thus this is not considered to be a good criteria to help
establish whether a system is a DFS.
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• Taking all trends into account the percentage of LACF and floodplain facies
present, the sand:mud ratio and architecture of the deposits are perceived to be
the most robust criteria for displaying trends on the Salt Wash DFS and thus
are recommended as the best criteria to establish whether a system is a DFS
or not.
Criteria suggested to be indicative of prograding DFS by Weissmann et al. (2013a)
were also quantitatively tested to analyse their effectiveness as criteria for identifying
progradation (Chapter 7). Analyses showed:
• The occurrence of well-drained soils over poorly-drained soil deposits was not
observed within the Salt Wash successions. This was deemed to be due to local
climate and water table conditions and is thus not considered to be the most
robust criteria for progradation due to the effect local basin conditions can have.
• The analyses of the thickness and distribution of LACF deposits vertically
within successions showed the two do not always concurrently provide evi-
dence for either full, partial or any progradation within the successions. This is
deemed to be the result of changing local A/S regimes through time. However,
despite this, evidence for progradation was present with regards to an increase
in LACF thickness and presence up-section at the majority (18/23) of succes-
sions across the system. This highlights the importance of gaining an overall
system view, as it enables the differentiation of system scale and local patterns
and controls to be gained.
• The relative position of proximal, medial and distal deposits vertically within
a succession was found to be the most informative and indicative criteria for
progradation as a number of criteria such as channel presence, thickness and the
architecture of the deposits are incorporated into the analyses. In this respect
22 of the 23 localities displayed some form of progradation.
9.4.4 Additional key findings
In addition to the conclusions outlined above, other key conclusions established in-
clude:
Statistical estimation of the apex
In an attempt to constrain the limits of the Salt Wash DFS, the apex was statistically
calculated (Chapter 5). Through testing of the methodology and code created by
Peter Jupp, the apex of the Gilbert DFS was calculated, the position of which is
known. The results were found to be very encouraging with the apex being within
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17km ( ∼10% of the total DFS length) of the actual apex when calculated with a
reduced dataset. The results for the Salt Wash indicated the Salt Wash DFS was
larger than initially proposed by Craig et al. (1955). The methodology presented
has wider implications as it is applicable to any system that has a distributive flow
pattern, thus allowing an apex position to be statistically estimated for DFS, deltas,
submarine fans and trough fans.
Insights into the palaeogeography
• Detailed analyses of deposits assigned to the Salt Wash Member has allowed
the differentiation of two systems to be made. Deposits in northern Utah are in-
terpreted to be deposits from a different fluvial system to the Salt Wash fluvial
system, with an apex that is likely to be located to the west. Deposits situated
at Vernal are interpreted to be medial DFS deposits based on matching char-
acterstics displayed with those of the Salt Wash DFS. It is suggested that too
much emphasis has, in the past, been placed on lithostratigraphic terminology,
as opposed to systems analysis (Chapter 8).
• Analyses of progradation across the whole system showed progradation was not
uniform in style and extent across the system (Chapter 7).
• Analyses of the whole section and LACF thickness dataset has allowed insights
into the overall geometry of the Salt Wash DFS and basin topography to be
gained. A NE-SW trending thickness divide is observed, with the NW portion
being thinner than the SE portion. The cause of the NE-SW trending thickness
divide is not resolved with a number of causes suggested (Chapter 6).
• Possible insights into the tectonic regime have been gained. A lack of evidence
for a significant forebulge and presence of low A/S regime suggests Salt Wash
deposits represent the initial formation of the foreland basin, with deposits
of the Brushy Basin Member indicating a substantially higher A/S regime is
present, implying thrusting, and therefore loading is more prevalent during the
Tithonian (Chapter 8).
• Through the statistical estimation of the apex, the palaeogeography of the Salt
Wash DFS was further constrained. This had important implications with
regards to identifying the Mogollon to Mogollon-Sevier Highlands syntaxis as
being the source area for the Salt Wash DFS opposed to the Sevier Highlands
(Chapter 5).
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9.5 Further work
Throughout this thesis, areas of further work have been suggested. Key areas iden-
tified for further work include:
• A comparison of the measured sections to well data that has been obtained from
the Salt Wash Member would provide an interesting comparison and calibra-
tion between data collected at outcrop and data obtained from the subsurface.
A comparison between information such as sand:mud ratio and percentage of
channels between outcrop and subsurface data would allow insights into how
easily transferable the statistics obtained from outcrop studies are to the sub-
surface, as well as allowing insights into the best criteria to use.
• Further system scale analyses of the Westwater Canyon, Recapture, Brushy
Basin, Vernal systems and systems situated further north are needed to gain
further insights into the palaeogeography of the basin. It is speculated that
these fluvial systems are DFS. If proved to be DFS, the basin provides a good
potential candidate to volumetrically calculate the presence of DFS within a
basin. It is also hoped that further study of these systems may help further
constrain, and test the hypothesis that more intense thrusting occurred during
the latest Jurassic.
• Further work is needed to better constrain the three-dimensional architecture
of proximal, medial and distal deposits, in order to gain a better understanding
of sandstone body connectivity. It is hypothesised that the distribution of
uranium deposits within the Salt Wash DFS could be used as a proxy for
sandstone connectivity within the medial zone and help gain an understanding
of where resources are likely to accumulate on a DFS. This could be achieved by
conducting a three-dimensional study around the Uravan mining district where
a series of canyons allows a three-dimensional view to be gained.
• Quantification of other DFS within differing, and also similar, conditions is
needed. It is recommended that further study of end member scenarios is needed
in order to constrain the range in variability of the statistics and different char-
acteristics under differing conditions. It is recommended that a comparisons
between a humid and arid DFS, a mud-dominated and sand-dominated DFS,
high A/S regime to low A/S regime DFS and a small and large DFS is needed
as the variability has been only hypothesised due to the lack of available system
scale quantified studies from a range of settings and conditions.
• Further testing of the method presented to statistically test the apex on more
modern systems is needed to see how robust the code is.
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• It is hypothesised that mud-dominated floodplain deposits should dominate
distal domains of DFS as opposed to sand-dominated deposits. A dominance
of sand or mud-dominated deposits was not found within this study, however,
the quality of the floodplain exposure is not deemed to be good enough to reject
this hypothesis. It is proposed that a detailed study of the floodplain material
across DFS (modern and well exposed ancient) is needed to clarify whether there
are indeed any trends in the spatial distribution of sand and mud-dominated
floodplain facies associations downstream (Chapter 6), as if a trend is present,
this may provide another characteristic that can help determine whether a
system is distributive or help further define the location of a sedimentary log
on a DFS.
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